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Experience-dependent development of amygdala-prefrontal cortex circuitry and function 
Laurel Joy Gabard-Durnam 
Dramatic changes occur across childhood and adolescence in the activity and 
connectivity of an amygdala-medial prefrontal cortex circuit critical for emotional 
learning and regulation. However, little is currently known about how neuroplasticity 
within the circuit changes during development in the human. Experiences that occur 
during developmental sensitive periods of increased neuroplasticity have the capacity to 
sculpt neural function with lifelong consequences for cognition and behavior, though. 
This dissertation will therefore investigate when and how experience may shape 
amygdala-medial prefrontal cortex functional circuitry (Aim 1) and what the implications 
of experience-dependent circuitry development are for emotion regulation behaviors 
(Aim 2) across childhood, adolescence, and adulthood in three studies. Study 1 
(previously published as Gabard-Durnam, Gee et al., 2016) posits and tests the long-term 
phasic molding hypothesis that tonic amygdala-prefrontal cortex functional connectivity, 
the functional architecture of the brain, is shaped during development by recurring 
stimulus-elicited connectivity in the circuitry using prospective examination of these 
connectivities’ development across childhood and adolescence. Study 1 also tests 
whether the ability of amygdala-prefrontal cortex stimulus-elicited connectivity to shape 
the amygdala-prefrontal cortex resting-state functional architecture changes across 
development, reflecting changing plasticity of the circuitry. Study 2 examines how the 
timing and duration of an early adverse experience, parental deprivation, interacts with 
genetically-driven differences in neuroplasticity levels indexed by the Brain-Derived 
	
	
Neurotrophic Factor val66met polymorphism to influence the developmental trajectory of 
amygdala-prefrontal cortex functional architecture using a population of previously-
institutionalized children and adolescents and a never-institutionalized comparison 
sample. Study 2 further examines how the experience- and plasticity-related changes to 
the functional architecture influence both concurrent and future internalizing 
symptomatology across childhood and adolescence. Study 3 builds on the first two 
developmental studies by explicitly testing whether childhood is a sensitive period for 
medial prefrontal cortex-mediated regulatory signal learning through a retrospective 
design in adults. Study 3 additionally assesses the effects of developmental experience on 
adult emotion regulation behavior and physiology. My findings at the levels of brain 
circuitry, behavior, physiology, and genetics together delineate a period of increased 
sensitivity to the environment within prefrontal cortex-amygdala functional circuitry 
from infancy through childhood, modifiable by genetically-conferred variation in 
plasticity and the nature of the early environment. Moreover, experiences occurring 
during the sensitive period have consequences for future emotion regulation behavior 
both during development and lasting into young adulthood. Together, these findings 
demonstrate how experience-dependent development has enduring effects on amygdala-
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Activity of the amygdala and the medial prefrontal cortex (mPFC) underlie 
emotional attention, learning, and regulation (Ralph Adolphs & Spezio, 2006; Etkin, 
Egner, & Kalisch, 2011; Goldin, McRae, Ramel, & Gross, 2008; Gross, 2002; Ochsner & 
Gross, 2008; Ochsner, Silvers, & Buhle, 2012; Perlman & Pelphrey, 2011; Phan et al., 
2005; E A Phelps et al., 2001; Phillips, Drevets, Rauch, & Lane, 2003; Zhang et al., 
2013). Moreover, a robust human neuroimaging literature in adults has shown that the 
functional connections between the amygdala and mPFC are central to these affective and 
cognitive processes (Banks, Eddy, Angstadt, Nathan, & Phan, 2007; Hariri et al., 2003; 
Kim, Gee, Loucks, Davis, & Whalen, 2011; Ochsner et al., 2012). For example, the 
strength of these functional connections has predicted emotional behaviors of healthy 
adults (Banks et al., 2007; Lee, Heller, van Reekum, Nelson, & Davidson, 2012). 
Furthermore, atypical function within the mature amygdala-mPFC network has been 
implicated in disrupted affective and cognitive processes in a range of clinical 
populations, including those with anxiety, depression, schizophrenia, and bipolar disorder 
(Anand et al., 2005; Berking & Wupperman, 2012; Cisler & Olatunji, 2012; Das et al., 
2007; Henry, Rendell, Green, McDonald, & O’Donnell, 2008). Critically, these 
literatures reveal immense variability across individuals in the functioning of the 
prefrontal cortical-amygdala circuitry and associated emotion regulation behaviors 
(Banks et al., 2007; Kim, Gee, et al., 2011; Lee et al., 2012). Studies examining the 
developmental construction of the amygdala- mPFC circuitry provide an approach to 
understand the mechanisms instigating the diverse mature neural and behavioral 
outcomes observed in the affective domain.  
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However, the field is far from a rigorous understanding of the developing 
functional communication within the amygdala-mPFC network. Dramatic changes occur 
across childhood and adolescence in emotional behaviors that have been associated with 
amygdala-prefrontal cortical functional connections (e.g. Gee et al., 2013; Hare et al., 
2008b; McRae et al., 2012; Perlman & Pelphrey, 2011; Silvers et al., 2016). Thus, current 
understanding about amygdala- mPFC network development comes largely from studies 
examining the trajectories of amygdala and prefrontal cortex function independently of 
each other.  
Functional development of the human amygdala 
 Literature focusing on the developing amygdala has revealed early functionality 
by childhood. Specifically, these studies have revealed a robust functional responsiveness 
to emotional stimuli across ages 4-10 years (Dehaene-Lambertz et al., 2010; Gee, 
Humphreys, et al., 2013; Hare et al., 2008a; Perlman & Pelphrey, 2011; Swartz, 
Carrasco, Wiggins, Thomason, & Monk, 2014; Thomas et al., 2001). Consistent with 
these findings, rich animal and human literatures examining the effect of both lesions and 
stress on the amygdala across the lifespan suggest that this region’s role in shaping 
emotion and social behavior is especially important during early post-natal development, 
with consequences for affective behavior lasting throughout life (R Adolphs, Tranel, 
Damasio, & Damasio, 1994; Ralph Adolphs, Baron-Cohen, & Tranel, 2002; Bauman, 
Lavenex, Mason, Capitanio, & Amaral, 2004; E Bliss-Moreau, Moadab, Bauman, & 
Amaral, 2013; Eliza Bliss-Moreau, Bauman, & Amaral, 2011; Graham et al., 2015; 
Kazama, Heuer, Davis, & Bachevalier, 2012; Noble, Houston, Kan, & Sowell, 2012; 
Prather et al., 2001; Raper, Wilson, Sanchez, Machado, & Bachevalier, 2013; Shaw et al., 
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2004; Ursache & Noble, 2016). However, amygdala reactivity does undergo protracted 
refinement after this initial functionality, changing across childhood and adolescence 
(Gee, Humphreys, et al., 2013; J. A. Silvers et al., 2016; Jennifer A. Silvers, Shu, 
Hubbard, Weber, & Ochsner, 2015; Tottenham & Sheridan, 2009; Vink, Derks, 
Hoogendam, Hillegers, & Kahn, 2014). 
Functional development of the human medial prefrontal cortex 
In contrast, the mPFC shows long-developing function that changes dramatically 
across childhood and adolescence through young adulthood to facilitate efficient “top-
down” regulation (Bunge, Dudukovic, Thomason, Vaidya, & Gabrieli, 2002; B J Casey, 
Trainor, Orendi, et al., 1997; B J Casey, Jones, & Hare, 2008; B.J. Casey, Giedd, & 
Thomas, 2000; Gogtay et al., 2004; Killgore & Yurgelun-Todd, 2007; Sowell, Trauner, 
Gamst, & Jernigan, 2007; Yurgelun-Todd & Killgore, 2006). Children show 
quantitatively and qualitatively different mPFC functional profiles relative to adolescents 
and adults across a variety of emotion processing and regulation tasks. These immature 
responses are characterized by more diffused activity relative to older individuals (B J 
Casey, Trainor, Giedd, et al., 1997; Levesque et al., 2004; Lévesque et al., 2003; 
Moriguchi, Ohnishi, Mori, Matsuda, & Komaki, 2007; Pfeifer et al., 2013; Pfeifer, 
Lieberman, & Dapretto, 2007; M. Sheridan, Kharitonova, Martin, Chatterjee, & Gabrieli, 
2014), indiscriminate reactivity responses across stimuli (Gilbert et al., 2007; Moore et 
al., 2012; Moriguchi et al., 2007; Pfeifer et al., 2013), and responses to stimuli processed 
elsewhere in maturity (Durston et al., 2006; Moore et al., 2012; Wang, Lee, Sigman, & 
Dapretto, 2006). Furthermore, studies across a variety of domains have found that 
children generally show opposite patterns of mPFC activity to task conditions (relative to 
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baseline activity) compared with adolescents and adults, even when task difficulty is 
matched across children and older participants (Spielberg et al., 2015; Hwang et al., 
2014; Sheridan et al., 2014)). The switch from the immature activation to mature 
deactivation pattern has been identified in late childhood, but the developmental function 
of this switch remains unclear (Sheridan et al 2014).  
In contrast, the differences between adolescent and adult mPFC reactivity profiles 
are largely quantitative, not qualitative, in nature (Blakemore, 2008; Moore et al., 2012; 
Duijenvoorde et al., 2015). That is, linear changes in mPFC activity with age are 
observed across adolescence into adulthood in emotional processing and regulation 
studies (Passarotti, Sweeney, & Pavuluri, 2009; Pfeifer et al., 2013; Somerville et al., 
2013; Yurgelun-Todd & Killgore, 2006). These quantitative changes suggest that 
refinement of mPFC function continues during adolescence, but on a different scale than 
the shift in phenotype between childhood and adolescence.  The long development and 
late maturation of mPFC function extending into adulthood also delineates a very 
protracted developmental period during which its functional circuitry with the amygdala 
may be constructed. 
Functional development of the human amygdala-medial prefrontal cortex circuit 
A nascent literature has begun exploring amygdala-mPFC functional connectivity 
development, indicating that childhood may be a unique period for the circuitry’s 
function within a protracted trajectory extending through adulthood. Specifically, several 
studies have noted a childhood-unique positive connectivity between the mPFC and the 
amygdala that switches valence to a negative connectivity phenotype by adolescence 
during affective tasks (Gee et al 2013; Gee et al 2014; Hare et al 2008; Marusak et al 
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2015; Silvers et al., 2016). Furthermore, in the absence of stimuli, resting-state 
approaches do not show any stable connectivity maintained between the amygdala and 
mPFC during childhood until after age 10 years (Gabard-Durnam et al 2014; Qin et al 
2012; Roy et al 2013; Alarcon et al 2015). Thus, across task and resting-state approaches, 
it appears that during childhood, the amygdala-mPFC functional circuitry can be 
phasically modulated by stimuli to elicit childhood-specific connectivity phenotypes, but 
amygdala-mPFC connectivity is not yet maintained stably in the absence of stimuli. 
In contrast, adolescence is largely a period of quantitative refinement in mPFC-
amygdala connectivity, indexed both across emotion-processing contexts and in resting-
state analyses (Gabard-Durnam et al., 2014; Alarcon et al, 2015). Within affective task 
contexts, increasingly negative connectivity is observed across adolescence, and there is 
some evidence across studies that changes in negative connectivity are specific to 
negative contexts (Gee, Humphreys, et al., 2013; Guyer et al., 2008; Somerville et al., 
2013; Swartz et al., 2014). Taken together, the initial studies of amygdala-mPFC 
connectivity across childhood and adolescence suggest that the circuit’s function in 
children is fundamentally different from that of older youths, and childhood may 
demarcate an important, malleable period in the construction of the amygdala-mPFC 
functional network.  
The role of experience and sensitive periods in development 
It is critical to identify the timing and mechanisms of such malleable periods in 
brain development because the experiences that occur during windows of increased 
neuroplasticity sculpt neural function with lifelong consequences for cognition and 
behavior. Therefore, a burgeoning non-human animal literature has sought to characterize 
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how these sensitive periods in development manifest at the neural level and interact with 
genetic factors that modulate organism’s sensitivity to the environment (Hensch, 2005; 
Takesian and Hensch, 2013). To date, the vast majority of this research has used primary 
sensory cortex development as the working model to explore the mechanisms governing 
sensitive periods (Deidda et al., 2014; Fagiolini & Hensch, 2000; Fagiolini et al., 2004; T 
K Hensch et al., 1998; Krishnan et al., 2015; Mower, 1991). In humans, much remains 
unknown about the timing, mechanisms, and measurement of neuroplasticity and 
developmental sensitive periods. Preliminary studies translating sensitive period 
principles from the non-human animal literature into human development have done so 
within the context of sensory cortex maturation as well (Gervain, 2015; Gervain et al., 
2013; Weikum, Oberlander, Hensch, & Werker, 2012; Werker & Hensch, 2015). Thus, 
these initial reports have demonstrated the viability of exploring sensitive period 
phenomena in human development.  
Sensitive periods in amygdala-medial prefrontal cortex circuitry development 
Importantly, recent studies in the rodent have begun identifying sensitive period 
characteristics for higher-order association cortices like the prefrontal cortex and even for 
connectivity between regions. Specifically, Yang and colleagues have shown that the 
mouse juvenile period is a sensitive period for mPFC-mediated regulatory signal learning 
with subsequent anxiolytic effects on adult behavior (Yang et al., 2011). Similarly, 
genetically-induced anxiety-like phenotypes mediated by the mPFC in the mouse may be 
rescued if the genetic modification is reversed during the juvenile period, but not 
thereafter (Leonardo and Hen, 2008; Ansorge et al., 2004). Moreover, novel, direct in-
vivo observation of neuroplasticity in the rodent has shown surging levels of malleable 
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connectivity between the mPFC and amygdala during the late juvenile period, consistent 
with a juvenile sensitive period for the functional circuitry (Pattwell et al., 2015). 
However, the timing and nature of sensitive periods for mPFC and mPFC-amygdala 
functional circuitry in the human is presently unknown. 
Aims of the dissertation 
This dissertation will therefore investigate when and how experience may shape 
amygdala-mPFC functional circuitry (Aim 1) and what the implications of experience-
dependent circuitry development are for emotion regulation behaviors (Aim 2) across 
childhood, adolescence, and adulthood in three studies. Study 1 (previously published as 
Gabard-Durnam, Gee et al., 2016) posits and tests the long-term phasic molding 
hypothesis that tonic amygdala-PFC functional connectivity, the functional architecture 
of the brain, is shaped by recurring stimulus-elicited connectivity in the circuitry using 
prospective examination of these connectivities’ development across childhood and 
adolescence. Study 1 also tests whether the ability of amygdala-PFC stimulus-elicited 
connectivity to shape the amygdala-PFC resting-state functional architecture changes 
across development, reflecting changing malleability of the circuitry. Study 2 examines 
how the timing and duration of an early adverse experience, parental deprivation, 
interacts with genetically-driven differences in neuroplasticity levels indexed by the 
BDNF val66met polymorphism to influence the developmental trajectory of amygdala-
PFC functional architecture using a population of previously-institutionalized children 
and adolescents with a never-institutionalized comparison sample. Study 2 further 
examines how the experience- and plasticity-related changes to the functional 
architecture influence both concurrent and future internalizing symptomatology across 
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childhood and adolescence. Study 3 builds on the first two developmental studies by 
explicitly testing whether childhood is a sensitive period for mPFC-mediated regulatory 
signal learning through a retrospective design in adults. Study 3 additionally assesses the 
effects of developmental experience on adult emotion regulation behavior and 
physiology. Together, these studies provide an account of the timing and mechanisms 
through which experience influences the construction of the amygdala-PFC functional 
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Although the functional architecture of the brain is indexed by resting-state connectivity 
networks, little is currently known about the mechanisms through which these networks 
assemble into stable mature patterns. The current study posits and tests the long-term 
phasic molding hypothesis that resting-state networks are gradually shaped by recurring 
stimulus-elicited connectivity across development by examining how both stimulus-
elicited and resting-state functional connections of the human brain emerge over 
development at the systems level. Using a sequential design following 4- to 18-year-olds 
over a 2-year period, we examined the predictive associations between stimulus-elicited 
and resting-state connectivity in amygdala-cortical circuitry as an exemplar case (given 
this network’s protracted development across these ages). Age-related changes in 
amygdala functional connectivity converged on the same regions of medial prefrontal 
cortex (mPFC) and inferior frontal gyrus (IFG) when elicited by emotional stimuli and 
when measured at rest. Consistent with the long term phasic molding hypothesis, 
prospective analyses for both connections showed that the magnitude of an individual’s 
stimulus-elicited connectivity unidirectionally predicted resting-state functional 
connectivity two years later. For the amygdala-mPFC connection, only stimulus-elicited 
connectivity during childhood and the transition to adolescence shaped future resting-
state connectivity, consistent with a sensitive period ending with adolescence for the 
amygdala-mPFC circuit. Together, these findings suggest that resting-state functional 
architecture may arise from phasic patterns of functional connectivity elicited by 






A fundamental issue in understanding the ontogeny of brain function is how resting-state 
(intrinsic) functional networks emerge and relate to stimulus-elicited functional 
connectivity. Here, we posit and test the long-term phasic molding hypothesis that 
resting-state network development is influenced by recurring stimulus-elicited 
connectivity through prospective examination of the developing human amygdala-
cortical functional connections. Our results provide critical insight into how early 
environmental events sculpt functional network architecture across development and 
highlight childhood as a potential developmental period of heightened malleability for the 
amygdala-medial prefrontal cortex circuit. These findings have implications for how both 
positive and adverse experiences influence the developing brain and motivate future 











At the neural-systems level, the functional architecture of the brain is indexed by 
resting-state connectivity networks (Cole et al., 2010; Raichle, 2010; Van Dijk et al., 
2010; Pizoli et al., 2011). Accordingly, much recent work has focused on understanding 
resting-state network structure and function using functional magnetic resonance imaging 
(fMRI) (Bandettini and Smith, 2012). Resting-state networks show dramatic changes in 
composition across development (Jolles et al. 2011; Uddin et al. 2011; Barber et al. 2013; 
Solé-Padullés et al. 2015), but little is currently known about the mechanisms through 
which resting-state connections assemble into stable networks over time. Moreover, 
while the nature of resting-state connectivity differs from stimulus-elicited (“task-based”) 
connectivity, the two measures often converge spatially and correlate with similar 
behavioral phenotypes in maturity (Cohen et al., 2005; Smith et al. 2009; Cox et al., 
2010; Mennes et al. 2012;  Di et al. 2013; MacNamara et al., 2015). However, the 
relation between stimulus-elicited and intrinsic resting-state connectivities is not yet well 
understood, and the interactions between these connectivities as they emerge over 
development has not been empirically examined. Characterizing the association between 
resting-state and stimulus-elicited connectivities prospectively as they mature across 
development is a powerful approach for identifying the mechanisms through which 
resting-state functional architecture arises and how resting-state connectivity may be 
interpreted in mature organisms. 
A recent hypothesis suggests that mature resting-state functional architecture 
reflects the history of stimulus-elicited co-activations within a network (Buckner and 
Vincent 2007; Dosenbach et al 2007; Miall and Robertson 2006; Mackey et al. 2013; 
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Guerra-Carrillo et al., 2014). Here we specifically propose that during development, 
accumulating experiences of phasic stimulus-elicited functional connectivity may 
gradually shape the formation of resting-state connectivity patterns (long-term phasic 
molding hypothesis). Phasic molding of functional architecture may be particularly 
pronounced during developmental periods when neural systems are most plastic and 
amenable to environmental inputs (Greenough, William T., Black, James E., Wallace, 
1987). This mechanism of environmental inputs shaping the development of ongoing, 
resting activity has been demonstrated in the ferret visual cortex, where the activation 
patterns of neural populations at rest increasingly reflect that population’s stimulus-
evoked activity patterns over development (Berkes, Orbán, Lengyel, & Fiser, 2011). The 
current study empirically tests whether the long-term phasic molding process occurs at 
the systems level in the developing human. 
Specifically, amygdala-cortical networks are changing dramatically during 
childhood and adolescence, providing the opportunity to examine the long-term phasic 
molding hypothesis’ set of predictions in the context of amygdala-cortical network 
maturation. In the present study we used an emotional faces paradigm targeting 
amygdala-frontal connectivity as an exemplary network. We examined the amygdala-
medial prefrontal cortex (mPFC) circuit a priori because we and others have reported 
extensive changes in this functional circuit and its associated emotion regulation 
behaviors across childhood and adolescence, facilitating examination of our hypothesis 
(Decety & Michalska, 2010; Laurel J Gabard-Durnam et al., 2014; Gee, Humphreys, et 
al., 2013; Hare et al., 2008b; Perlman & Pelphrey, 2011; Swartz et al., 2014). We then 
conducted a whole-brain set of analyses with amygdala connectivity to test the specificity 
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of the amygdala-mPFC circuit findings. For the amygdala resting-state connections that 
were also modulated by the emotional faces stimuli, we tested a set of predictions. Based 
on the evidence in ferrets that stimulus-elicited and resting activity within a region are 
associated during development (Berkes et al., 2011), we anticipated that concurrent 
stimulus-elicited and resting-state connectivities would also be related within the same 
circuitry in humans. Moreover, consistent with our long-term phasic molding hypothesis 
of resting-state connectivity, we expected that stimulus-elicited connectivity would 
predict the nature of future resting-state connectivity during development. However, if 
resting-state connectivity reflects previous stimulus-elicited connectivity patterns, we 
hypothesized that resting-state connectivity would not predict the nature of future 
stimulus-elicited connectivity. To test these predictions, the present study used a 
prospective, sequential design to map both the concurrent cross-sectional and predictive 
relations between stimulus-elicited and resting-state connectivities within the developing 
amygdala functional network for youths from age 4 to 23 years.  
Materials and Methods  
Participants 
Demographic information and participant characteristics for concurrent and prospective 
samples are presented in Table 1. Fifty-three participants contributed usable data for the 
cross-sectional analyses (15 additional participants were excluded for either excessive 
motion during scanning (11 participants) or insufficient accuracy in the stimulus 
paradigm (4 participants); criteria described below), and 23 participants from the cross-
sectional sample contributed usable data for the longitudinal analyses. Of the 53 
participants’ scans in the cross-sectional sample, 20 of these emotional faces task scans 
have previously been used in publication (Gee et al. 2013), and 48 of the resting-state 
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scans have previously been used (Gabard-Durnam et al. 2014). However, comparisons 
between these scan types within individuals have never been published. None of the 
follow-up scans (scans 2 years later) have previously been used in any publication. These 
prior publications were used to define functional connections of interest, but the analyses 
and results reported here are entirely orthogonal to the prior publications. All participants 
were physically and psychiatrically healthy as confirmed by a telephone screening during 
recruitment and Child Behavior Checklist scores for internalizing and externalizing 
disorders (Table 1) (Achenbach 1983). All participants had normal or corrected-to-
normal vision. Prospective participants were excluded from participation if they had ever 
received a diagnosis of a learning or developmental disability, reported illicit drug use or 
alcohol use greater than 10 drinks per week, or reported metal implants or any other 
contraindications to MRI. Adult participants were matriculated undergraduate students. 
This study was approved by the Institutional Review Boards of the University of 
California, Los Angeles and the state of California. All participants or their parents 
provided informed consent or assent (in the case of minors) for this study.  
 
Procedure 
In the first lab session, all participants were given the opportunity to acclimate to an MRI 
scanner environment with a mock MRI scanner. Recorded MRI noises were available for 
families to play at home to participants as further preparation. In the second session, 
participants returned to complete the first MRI scan with both the emotional faces stimuli 
and resting-state paradigms as part of a larger task battery (Telzer et al., 2013; Gee, 
Gabard-Durnam et al., 2014). To avoid capturing patterns of amygdala resting-state 
functional connectivity attributable to differences in initial MRI acclimation and arousal 
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between the younger and older participants, all participants completed the resting-state 
scan at the end of the forty-five minute-long session. To preclude potential carry-over 
effects from the fMRI stimuli, the resting-state scan was directly preceded by a buffer of 
approximately fifteen minutes of anatomical scans during which participants passively 
viewed a film. Although it is possible that the film-viewing could influence subsequent 
amygdala activity, prior research has also shown that task ordering does not influence the 
amygdala-mPFC connectivity measures presently examined (Roy et al., 2009; et al., 
2011). Participant alertness was assessed through listening throughout the scan, direct 
observation at the end of the scan, and self-report of sleepiness. One older adolescent 
participant’s data were discarded due to sleep during the resting-state scan. Two years 
after this first MRI session, participants completed a second MRI scan with both the 
emotional faces stimuli and resting-state paradigms in the same order as part of the larger 
task battery in the second scanning session. 
fMRI Paradigms 
Participants completed two runs of an emotional faces paradigm that consisted of a mixed 
design with one blocked variable (emotional valence: happy vs. fearful) and one event-
related variable (emotional vs. neutral). In each run, participants either viewed fearful 
faces interspersed with neutral faces, or they viewed happy faces interspersed with 
neutral faces; the order of the fearful-neutral run and the happy-neutral run was 
counterbalanced across participants. Within each run, the stimuli were randomized and 
fixed across participants. To ensure that participants were paying attention to the stimuli, 
they were asked to press a button each time they saw a neutral face. Participants with 
accuracy rates lower than 50% on were excluded from further analysis (4 potential 
participants in the cross-sectional sample; these participants were not included in the 
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demographic data for the usable participants). Female faces were selected from the 
Karolinska Directed Emotional Faces database (Lundqvist et al., 1998). The probability 
of a neutral face was 50% on any given trial. Stimuli were jittered (variable inter-trial 
interval ranging from 3000-9000 msec) and randomized based on a genetic algorithm 
(Wager and Nichols, 2003) in order to allow for unique estimates of the hemodynamic 
response for each trial type. Each run contained 48 trials (24 neutral faces, 24 fearful or 
happy faces). Each face was presented for 500 milliseconds. We examined the trials 
when participants passively viewed fearful faces or happy faces to assess stimulus-
elicited connectivity (neutral faces were also included as a regressor in the model). The 
contrast of fear versus baseline and happy versus baseline allowed for the conditions to 
be matched on motor and attentional demands within the paradigm. Participants also 
completed a resting-state scan of 6 minutes duration in which they were instructed to lie 
still with their eyes closed (Laurel J Gabard-Durnam et al., 2014). 
All participants were scanned with a Siemens Trio 3.0-Tesla MRI scanner using a 
standard 12-channel radiofrequency head coil. For the emotional faces stimuli, we 
collected two functional scans. T2*-weighted echoplanar images (interleaved) were 
collected at an oblique angle of ∼15° to 30° (selected per participant to minimize signal 
drop-out for their scans) (130 volumes/run; TR, 2000 ms; TE, 30 ms; flip angle, 90°; 
matrix size, 64 × 64; field of view (FOV), 192 mm; 34 slices; 4 mm slice thickness; skip 
0 mm; 24 observations per event type). For the resting-state scan, we collected T2*-
weighted echoplanar images at an oblique angle of ∼15° to 30° (180 volumes; TR, 
2000 ms; TE, 30 ms; flip angle, 75°; matrix size, 64 x 64; FOV, 220 mm; 33 slices; 4 mm 
slice thickness; skip 0mm). A whole brain, high resolution, T1-weighted anatomical scan 
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(MP-RAGE; 192 × 192 in-plane resolution, 256 mm FOV; 192 mm × 1 mm sagittal 
slices) was acquired for each participant for registration and localization of functional 
data to Talairach space (Talairach & Tournoux, 1988).  
 
Connections of Interest Identification 
Conjunction analyses were performed with the amygdala resting-state connectivity and 
stimulus-elicited connectivity analyses (contrast of fear vs. baseline and happy vs. 
baseline) reported previously (Gabard-Durnam et al., 2014; Gee et al., 2013, respectively) 
to identify connections of interest showing spatial overlap across connectivities (whole-
brain cluster corrected, alpha rate < 0.05) for interrogation with the present sample’s data. 
First, amygdala–mPFC connections showing spatial overlap were determined for the age-
related changes in both stimulus-elicited connectivity and resting-state connectivity from 
the prior reports. An exploratory whole-brain conjunction of age-related changes across 
connectivities was then carried out to identify any additional connections meeting this 
criterion that had not been previously examined (i.e., using the happy condition of 
stimulus-elicited connectivity results). Next, any connections showing significant 
connectivity with the amygdala that did not change with age across both resting-state and 
stimulus-elicited connectivities were identified as positive control connections. These 
positive control connections facilitated testing whether amygdala connections that have 
already stabilized by this developmental period show associations between resting-state 
and stimulus-elicited connectivities, as predicted by the molding hypothesis. Lastly, 
connections showing age-related changes in amygdala resting-state connectivity but no 
significant age-related changes in either stimulus-elicited connectivity condition (fear or 
happy) were identified as negative control connections. These negative control 
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connections were used to test the prediction that for connections showing developmental 
(age-related) change in resting-state connectivity that were not modulated by the 
demands of these particular stimuli, there should be no association between resting-state 
connectivity and either stimulus-elicited connectivity condition, since this resting-state 
connectivity is shaped by other contexts (e.g., captured by other stimuli and paradigm 
designs).  
Data Pre-processing  
The functional imaging data were preprocessed and analyzed with the Analysis of 
Functional NeuroImages (AFNI) software package (R. W. Cox, 1996). For each 
participant’s images, preprocessing included discarding the first 4 functional volumes to 
allow for BOLD signal stabilization, correction for slice acquisition dependent time shifts 
per volume, rigid body translation and rotation from each volume to the first volume to 
generate 6 within-subject regressors, and spatial smoothing. Stimuli data were smoothed 
with a 6mm isotropic full-width half maximum kernel. Since the resting-state data had 
greater initial smoothness than the stimuli data, the resting-state data were smoothed to a 
9mm isotropic full-width half maximum smoothness using 3dBlurToFWHM (i.e., various 
smoothing kernels were used across participants to achieve the same final smoothness of 
9mm) to achieve equivalent effective spatial smoothness. To allow for comparisons 
across individuals for both stimuli and resting-state data, timecourses were then 
normalized to percent signal change, functional data were registered to the participant’s 
anatomical scan, and the anatomical and functional scans were transformed to the 
standard coordinate space of Talairach and Tournoux (Talairach & Tournoux, 1988) with 
align_epi_anat.py. Transformations on the functional scans were combined into a single 
transformation within align_epi_anat.py to minimize the amount of interpolation applied 
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to the functional data. Talairach-transformed images had a resampled resolution of 3mm3. 
Both stimulus and resting-state data were processed using a bilateral, anatomical 
amygdala ROI defined in the Talairach atlas in AFNI (see inset of Figure 1). Comparison 
of structural and functional MRI data between young children and adults by 
transformation to standard coordinate spaces like Talairach and Tournoux has previously 
been shown to be methodologically appropriate (Burgund et al., 2002; Kang, Burgund, 
Lugar, Petersen, & Schlaggar, 2003). Moreover, we have previously created anatomical 
averages for participants in this sample split into four age groups (4-9, 10-13, 14-18, and 
19-23 years) and overlaid these averages on the adult template to verify that amygdala 
seed regions in this developmental sample correspond to those in the adult template space 
after registration (Laurel J Gabard-Durnam et al., 2014; Gee, Humphreys, et al., 2013). 
The anatomical average from each of these developmental groups has coincided robustly 
with the adult template and with various anatomically defined amygdala regions, 
suggesting that registration of subcortical regions across development is not a 
confounding factor in this study. 
Motion Corrections 
Consistent with recent recommendations, a strict motion-censoring limit was applied 
across stimuli and resting-state connectivity so that any timepoint and the immediately 
preceding timepoint were both censored if the Euclidean norm of the scan-to-scan motion 
parameters across the 6 rigid-body parameters exceeded .5 mm/degrees (mean length of 
retained data was 5.2 minutes of 6 minutes for the resting-state scan and 8.3 minutes of 
8.7 minutes for the stimuli scan) (Siegel et al., 2014; Power et al. 2015). Given this 
motion restriction, five participants (ages 5, 6, 7, 13 and 14 years) contributed fewer than 
3.5 minutes of usable resting-state data; however, because these participants were not 
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outliers in any analysis, and because resting-state correlation strengths have been shown 
to stabilize rapidly (Van Dijk et al., 2010), these participants’ data were included in 
analyses. Nine participants were excluded from further analysis because fewer than 3 
minutes of resting-state data meeting these motion criteria were obtained (from the 6 
minute scan), and two participants were excluded from any further analysis because 
fewer than 4.4 minutes of stimuli data meeting these motion criteria were obtained (from 
the 8.7 minute scan) (excluded participants’ age range: 7 - 13 years; these participants’ 
data do not appear in the demographics or sample size reported for this study). 
Importantly, several recent reports have demonstrated that functional connectivity 
analyses are especially sensitive to motion artifacts (Hallquist, Hwang, & Luna, 2013; 
Satterthwaite et al., 2012; Van Dijk, Sabuncu, & Buckner, 2012), thus several further 
steps were taken to thoroughly address this potential confound.  
For both the stimuli and the resting-state scans, at the within-subject level of analysis, 6 
rigid body motion regressors and the 6 backwards temporal derivatives of those 
regressors were included in all regressions to correct for head motion artifacts (Van Dijk 
et al., 2010; Yan et al., 2013). For the resting-state data, high-frequency signals have been 
shown to be most susceptible to motion confounds, thus all data were temporally 
bandpass-filtered with a more conservative cutoff of 0.08Hz (compared to the 0.1Hz 
cutoff often used for resting-state data) as recommended by Satterthwaite and colleagues 
(Satterthwaite et al., 2012). The mean framewise displacement (MFD) value was also 
calculated for each participant for both the stimuli and resting-state scans as described by 
Van Dijk and colleagues (Van Dijk et al., 2012). Control analyses were conducted at the 
group level with the MFD values entered as the regressor of interest in the previously 
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published resting-state sample (Gabard-Durnam et al. 2014) and stimulus-elicited 
connectivity sample (Gee et al. 2013) to check that any significant motion-related effects 
did not overlap with the connections identified for use in the present analyses.  
MFD values calculated for both the motion parameters for the resting-state and the 
stimuli data were also evaluated as potential covariates in the cross-sectional analyses. 
Neither the resting-state MFD nor the stimuli MFD values significantly correlated with 
their respective connectivity estimates, nor were they significant predictors of 
connectivity outcome measures in any analysis conducted (all p > 0.05).  
Stimulus-Elicited Connectivity Statistical Analysis 
Psychophysiological interaction (PPI) analysis was conducted to assess stimulus-
dependent amygdala connectivity changes across the whole brain (Friston et al., 1997; 
Gee, Humphreys, et al., 2013). We controlled for amygdala reactivity at the trial level in 
this PPI analysis. A GLM analysis was performed in AFNI for each participant with 
regressors for stimuli, amygdala seed region time series, interaction of stimuli and time 
series, accuracy, timecourses for eroded ventricle and eroded white matter masks as 
physiological nuisance covariates, and 12 motion regressors (6 rigid-body regressors and 
their 6 backwards temporal derivatives). Four psychological (stimuli) regressors modeled 
whether a given trial consisted of viewing an emotional face [i.e., fearful, happy, neutral 
faces (in the fearful run), and neutral faces (in the happy run)] or fixation. The 
physiological (seed region time series) regressor was the time series for the bilateral 
amygdala seed region after regressing out fixation and drift (by modeling linear and 
quadratic trends for the time series). Four interaction regressors modeled the interaction 
of the psychological regressors and the physiological regressor, such that each interaction 
regressor identified regions whose time series correlated in a stimulus-dependent manner 
	
	 23	
with the amygdala time series. The GLM analyses fit the percentage signal change time 
series to each regressor, and linear and quadratic trends were modeled for the time series 
of each voxel to control for correlated drift.  
Resting-state Connectivity Statistical Analysis 
For the resting-state data, timecourses for eroded ventricle and eroded white matter 
masks and the global signal were extracted from the data. These timecourses, along with 
12 motion parameters (6 rigid-body motion parameters and their 6 backwards temporal 
derivatives), were simultaneously regressed out of the signal during temporal band-pass 
filtering (0.009 Hz < f < 0.08 Hz) as nuisance covariates to account for external 
contamination of the remaining resting-state frequencies (Power et al. 2015). (A 
secondary analysis processed the resting-state data without the global signal regressor, 
and connectivity estimates with and without global signal regression were very highly 
correlated for the a priori age-related connection of interest [Pearson’s r = 0.94, n = 53]. 
Thus, all reported analyses were completed with the global signal regressor included to 
benefit from its reduction of motion and physiological artifacts [e.g. Chen et al., 2012; 
Keller et al., 2013; Power et al., 2015].) Filtering was used to isolate the relevant signal 
fluctuations contributing to functional networks. An average time course for the bilateral 
amygdala seed region was then calculated after the combined filtering and nuisance 
regression of the data.  
For each participant, a regression was performed using AFNI’s 3dREMLfit program to fit 
generalized Least Squares ARMA (1,1) regression models correcting for temporal 
autocorrelation. Each regression model included the amygdala seed average time course. 
These regressions generated subject-level maps of the correlations between the amygdala 
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time course and every other voxel’s time course using the filtered, nuisance-regressed 
data.  
Group-level Analyses  
Stimulus-elicited baseline connectivity vs. resting-state connectivity 
The stimulus-elicited baseline condition modeled in the PPI is inherently different from 
the resting-state signal measured outside of the stimulus context, as the stimulus-elicited 
baseline is primarily indexing drift components explicitly regressed out of the resting-
state signal. Resting-state data temporal filtering further limits the signal frequencies 
examined to those within the specific range of 0.009 Hz < f < 0.08 Hz, while no filtering 
is applied to the stimulus-elicited baseline data. Still, to ensure that the baseline condition 
of the stimulus-elicited connectivity did not significantly covary with resting-state 
functional connectivity, parameter estimates for the stimulus-elicited baseline condition 
and the resting-state scan were extracted for the connections of interest in this study and 
compared across participants. As expected, Pearson correlations revealed no significant 
association between baseline and resting-state connectivity for any connection in this 
sample (all p > 0.25). 
Cross-sectional Analyses 
Parameter estimates (beta-weights) of amygdala functional connectivity for the pre-
specified connections of interest for both stimuli (fear faces compared to baseline and 
happy faces compared to baseline) and resting-state paradigms from the subject-level 
analyses were then extracted and subjected to group-level regression analyses in SPSS 
(version 22). Any participants with parameter estimates larger than three standard 
deviations away from the mean in either direction for stimulus or resting-state data were 
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excluded as univariate overly influential outliers (a priori exclusion criteria). No 
participants were excluded from analyses in the cross-sectional sample using these 
criteria. Participants were removed as overly-influential a priori multivariate outliers if 
they had studentized deleted residuals, Standardized DFFITS, Standardized DFBETAS, 
and Covariance Ratio measure values all outside of each of these measures’ guidelines 
for small samples (a priori exclusion criteria to ensure no single data point could 
disproportionately enhance or confound results). Two participants were removed as 
overly influential multivariate outliers for all cross-sectional analyses except the control 
analyses on connections with age-related changes in resting-state connectivity but not 
stimulus-elicited connectivity. In those control analyses, no participants were removed 
for one connection (parahippocampal-amygdala connection), and four participants were 
removed for the other connection (superior temporal gyrus-amygdala connection). Partial 
correlation analyses were performed to examine whether stimulus-elicited and resting-
state connectivities were associated for the connections of interest in this sample 
regardless of participants’ ages. Effects of age, stimuli MFD value, and resting-state 
MFD value were therefore partialled out in the correlations. 
Longitudinal Analyses 
The sample included for longitudinal analyses was the subsample of the cross-sectional 
participant sample who had stimuli and resting-state data from the first and second MRI 
scans. Parameter estimates of amygdala-PFC candidate connections and the two sets of 
control connections were extracted for stimulus-elicited and resting-state connectivity 
from both MRI visits and then subjected to group-level regression analyses in SPSS 
(version 22). No participants were removed from the sample as univariate overly 
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influential outliers (a priori exclusion criterion). No participants were removed for the 
analyses of the candidate connection identified using the fear vs. baseline stimulus 
condition as overly-influential multivariate outliers (a priori exclusion criterion). Two 
participants were removed from the analyses of the candidate connection identified using 
the happy vs. baseline stimulus condition as overly-influential multivariate outliers (a 
priori exclusion criterion). For the set of analyses of the superior temporal gyrus-
amygdala control connection, one participant was removed from all analyses except for 
the analysis of resting-state predicting stimulus-elicited connectivity to happy faces two 
years later, where two additional participants were removed as multivariate outliers (a 
priori exclusion criterion). For the set of analyses of the parahippocampal-amygdala 
control connection, participants were removed as multivariate outliers only for the 
analyses of resting-state predicting stimulus-elicited connectivity two years later (three 
outliers for the happy-faces condition, one outlier for the fear-faces condition), and for 
the resting-state predicting resting-state connectivity two years later analysis (two 
outliers; a priori exclusion criterion). One participant was removed from the analyses of 
the medial frontal gyrus-amygdala control connection (a priori exclusion criteria).  
In each longitudinal regression analysis, the time between the first and second MRI scans 
for each participant, centered to two years (the target scheduled time difference), was 
entered as a covariate to account for differences between participants in the timing of the 
two MRI sessions. The mean time difference between sessions for included participants 
was 1.8 years (standard deviation 0.2 years; range 1.3 to 2.3 years). Participant’s age was 
also included as a covariate in all analyses (there was no association between participant 
age and mean time difference between scans (r = 0.034, p = 0.879 N = 23). Regressions 
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were then performed predicting connectivity at the second MRI visit from the other type 
of connectivity measured at the first MRI visit (i.e., stimulus-elicited connectivity 
estimates predicting later resting-state connectivity estimates, and resting-state 
connectivity estimates predicting later stimulus-based connectivity estimates), with an 
interaction regressor coding an age by first visit connectivity estimate effect to examine 
developmental differences in the strength of this association. For non-significant 
interactions, the interaction regressor was removed from the model and regression was 
re-run to allow assessment of the main effects of the connectivity and age regressors. For 
significant interactions, post-hoc simple slopes for the connectivity estimates were tested 
at the mean age (11.4 years), and one standard deviation above and below the mean age 
(15. 2 years and 7.5 years, respectively), which were also meaningful ages for this study 
sample as they indexed the interaction effect in different developmental periods (early 
childhood, the transition from childhood to adolescence, and mid-adolescence). Lastly, 
associations between a participant’s connectivity parameter estimates at the first MRI 
visit and the second MRI visit were assessed within each connectivity type (e.g., 
association between resting-state parameter estimate at first MRI visit and second MRI 
visit) to complete the set of prospective analyses. 
Results 
Age-Related Amygdala-mPFC Connection  
(Resting-state + Fear Face-Elicited Connectivities)  
Spatial Overlap in Resting-State and Stimulus-elicited Connectivities  
The spatial overlap between amygdala-mPFC functional connections demonstrating age-
related changes in both stimulus-elicited (PPI contrast of fear vs. baseline (Gee, 
Humphreys, et al., 2013)) and resting-state connectivity (Laurel J Gabard-Durnam et al., 
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2014) was first tested by calculating the statistical intersection between the connectivity 
results (whole-brain cluster corrected, alpha rate < 0.05). There was significant spatial 
overlap in an amygdala-mPFC connection (Figure 1a, 23 voxels, centered at x = 2, y = 
37, z = 2, Talairach Atlas; Brodmann Area 24). That is, developmental changes were 
identified within a similar amygdala-mPFC network emerging from both rest and 
stimulus-elicited data. This connection showing overlap in age-related change across both 
connectivity modalities served as the primary candidate connection for testing the 
molding hypothesis with cross-sectional and longitudinal analyses. 
Cross-sectional Analysis: Association between Connectivities  
For the amygdala-mPFC candidate connection, the concurrent relation between stimulus-
elicited and resting-state connectivities was then assessed within the cross-sectional 
sample from 4 to 23 years of age, over and above the effects of age, stimuli MFD values, 
and resting-state MFD values. Stimulus-elicited connectivity was inversely related to 
resting-state connectivity for this amygdala-mPFC connection, such that stronger (greater 
magnitude) negative stimulus-elicited amygdala-mPFC connectivity was associated with 
stronger positive resting-state amygdala-mPFC connectivity (with the mature phenotype 
in young adults corresponding to negative stimulus-elicited connectivity and positive 
resting-state connectivity) (Pearson’s r (partial) = -0.302, p = 0.037, n = 51) (Figure 1b). 
That is, the different connectivity modalities were associated with each other when 
measured concurrently for the amygdala-mPFC connection where their age-related 
changes spatially overlap. 
Prospective Analyses: Stimulus-elicited Connectivity Predicts Resting-state Connectivity 
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Next, in order to test the long-term phasic molding hypothesis, the prospective 
associations between the amygdala-mPFC connectivities were assessed across 
development through a series of predictive analyses using data from both the initial scan 
and the second scan two years later for participants ages 4 to 18 years old. First, 
regression was used to test whether stimulus-elicited connectivity measured at the first 
visit predicted resting-state connectivity two years later (main effect), and whether the 
strength of stimulus-elicited connectivity’s effect differed across the ages in this sample 
(stimulus-elicited connectivity by age interaction effect). This regression also controlled 
for the individual variability in the exact time difference between visits (centered to two 
years), the main effect of age at the first scan, and resting-state connectivity estimates 
from the first visit (to account for variance shared between resting-state and stimulus-
elicited connectivity at the first visit). Consistent with the long-term phasic molding 
hypothesis, stimulus-elicited connectivity prospectively and inversely predicted resting-
state connectivity two years later (b coefficient = -0.042, t = -2.681, p = 0.016, n = 22; 
Figure 1c). However, this main effect was qualified by a significant interaction between 
age and stimulus-elicited connectivity at the first visit that predicted resting-state 
connectivity two years later (b coefficient = 0.0002, t = 2.202, p = 0.043, n = 22; Figure 
2a). This interaction effect suggests that stimulus-elicited connectivity shapes resting-
state connectivity across time during specific developmental phases but not others 
(Figure 2b).  
Post-hoc tests of simple slopes at ages 7.5, 11.4, and 15.2 years (mean age +/- 1 standard 
deviation) revealed that stimulus-elicited connectivity at the first visit at both 7.5 and 
11.4 years of age significantly inversely predicted resting-state connectivity two years 
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later (over and above the exact time difference between visits, age, and resting-state 
connectivity estimates from the first visit) (at age 7.5 years: b coefficient = -0.024, t = -
3.033 p = 0.008, n = 22; at age 11.4 years: b coefficient = -0.015, t= -3.259, p = 0.005, n 
= 22; Figure 2a). By contrast, stimulus-elicited connectivity at age 15.2 did not predict 
resting-state connectivity two years later over and above the other variables in the model 
(b coefficient = -0.006, t = -1.545, p = 0.142, n = 22; Figure 2a). For both simple slopes 
at ages 7.5 and 11.4 years where the inverse association between stimulus-elicited and 
future resting-state connectivity was observed, the more negative the stimulus-elicited 
amygdala-mPFC connectivity at the first visit, the more positive the amygdala-mPFC 
resting-state connectivity estimate was at the second visit two years later (Figure 2a).  
 
Prospective Analyses: Resting-state Connectivity Does Not Predict Stimulus-elicited 
Connectivity  
In this same sample of participants, resting-state connectivity measured at the first visit 
did not predict the estimate of stimulus-elicited connectivity two years later, nor was 
there a resting-state connectivity by age interaction in predicting future stimulus-elicited 
connectivity (resting-state connectivity main effect: b coefficient = -20.95, t = -1.083, p = 
0.293, n = 23; resting-state x age interaction effect: b coefficient = -0.059, t = -0.149, p = 
0.884, n = 23). This regression controlled for the individual variability in the exact time 
difference between scans, the effects of age at the first scan and stimulus-elicited 
connectivity estimates from the first scan.  
Prospective Analyses: Connectivities Across Two Years  
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In addition to testing the long-term phasic molding hypothesis, associations across two 
years within each connectivity type were also assessed to complete the set of prospective 
analyses about connectivity associations. Stimulus-elicited amygdala-mPFC connectivity 
at the first visit did not significantly predict stimulus-elicited connectivity at the second 
visit two years later, controlling for the individual variability in the exact time difference 
between visits (Pearson’s r (partial) = 0.027, p = 0.907, n = 22) (all connectivity 
associations summarized in Figure 4). Resting-state connectivity at the first visit was 
associated with resting-state connectivity at the second visit at the trend level controlling 
for the same covariates (Pearson’s r (partial) = 0.401, p = 0.08, n = 22) (Figure 4). 
Additional Age-Related Amygdala-PFC Connectivity: Amygdala-IFG Connection 
(Resting-state + Happy Face-Elicited Connectivities)  
Spatial Overlap in Resting-State and Stimulus-elicited Connectivities 
A secondary exploratory analysis was conducted examining the whole-brain statistical 
conjunction of age-related changes in resting-state and stimulus-elicited connectivities 
(for the happy faces vs. baseline condition) to identify any additional connections 
showing spatial overlap in age-related change that could be used to further test the 
molding hypothesis. An amygdala-IFG connection (21 voxels, centered at x = 38, y = 37, 
z = 10, Talairach Atlas; Brodmann Areas 46, 10) was identified with this whole-brain 
analysis (Figure 3a). That is, developmental changes were identified within a similar 
amygdala-IFG network emerging from both rest and stimulus-elicited data. All analyses 
performed for the amygdala-mPFC connection were then repeated for this amygdala-IFG 
connection.  
Cross-sectional Analysis: Association Between Connectivities 
	
	 32	
First, the concurrent association between stimulus-elicited and resting-state connectivity 
for the amygdala-IFG connection in the cross-sectional sample was tested. A significant 
inverse association between resting-state and stimulus-elicited connectivities was found 
over and above age, stimulus-elicited MFD values, and resting-state MFD values 
(Pearson’s r (partial) = -0.291, p = 0.045, n = 51). More positive stimulus-elicited 
connectivity was associated with more negative resting-state connectivity concurrently 
(with the mature phenotype in young adults corresponding to positive stimulus-elicited 
connectivity and negative resting-state connectivity) (Figure 3b). That is, the different 
connectivity modalities were associated with each other concurrently for the amygdala-
IFG connection where their age-related changes spatially overlap. 
 
Prospective Analyses: Stimulus-elicited Connectivity Predicts Resting-state Connectivity 
Given the concurrent association between connectivity modalities, prospective analyses 
were then conducted to test the long-term phasic molding hypothesis for the amygdala-
IFG connection. First, regression tested whether stimulus-elicited connectivity measured 
at the first scan predicted resting-state connectivity two years later (main effect), and 
whether the stimulus-elicited connectivity’s effect differed across age (interaction effect). 
The regression model covaried for individual variability in the time difference between 
visits, the main effect of age, and resting-state connectivity estimates from the first scan. 
Consistent with the molding hypothesis, a significant main effect of stimulus-elicited 
connectivity in predicting resting-state connectivity two years later was observed ((tested 
without the interaction term) b coefficient = -0.011, t = -2.226, p = 0.042, n = 20; Figure 
3b). For this amygdala-IFG connection, the more positive the stimulus-elicited 
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connectivity at the first visit, the more negative the resting-state connectivity estimate 
was at the second visit two years later. There was no significant interaction between 
stimulus-elicited connectivity and age in predicting resting-state connectivity two years 
later (b coefficient = 0.560, t = 0.597, p = 0.56, n = 20), suggesting that stimulus-elicited 
connectivity consistently shapes resting-state connectivity across childhood and 
adolescence for the amygdala-IFG connection. 
Prospective Analyses: Resting-state Connectivity Does Not Predict Stimulus-elicited 
Connectivity 
 Consistent with the molding hypothesis, amygdala-IFG resting-state connectivity 
measured at the first scan did not predict the estimate of stimulus-elicited connectivity 
two years later over and above covariates’ effects of time differences between visits, age, 
and stimulus-elicited connectivity from the first scan (b coefficient = -51.42, t = -1.344,  
p = 0.197, n = 21). There was no significant resting-state connectivity by age interaction 
in predicting future stimulus-elicited connectivity (b coefficient = -0.600, t =  -0.456, p = 
0.654, n = 21).  
Prospective Analyses: Connectivities Across Two Years 
Associations across two years within each connectivity type were also assessed. 
Stimulus-elicited amygdala-IFG connectivity at the first visit did not significantly predict 
stimulus-elicited connectivity at the second visit two years later, controlling for the 
individual variability in the exact time difference between visits and the effects of age, 
(Pearson’s r (partial) = 0.013, p = 0.955, n = 21) (Figure 4). Resting-state connectivity at 
the first visit was associated with resting-state connectivity at the second visit at the trend 
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level over and above those same covariates (Pearson’s r (partial) = 0.080, p = 0.737, n = 
21) (Figure 4). 
 
Control Connections Without Convergent Age-Related Changes  
Lastly, two whole-brain statistical conjunction analyses were performed to identify two 
additional connection types that did not exhibit convergent age-related changes in 
connectivity for control analyses related to the long-term phasic molding hypothesis.  
Positive Control Connection: Converging Connectivity Patterns with No Age-Related 
Changes 
First, if stimulus-elicited connectivity shapes the developmental change in resting-state 
connectivity as the long-term phasic molding hypothesis predicts, then stimulus-elicited 
and resting-state connectivities would also be expected to show an association with each 
other for stabilized connections that result from the molding process. Therefore, as a 
positive control analysis, associations were tested between concurrent resting-state and 
stimulus-elicited connectivity for stable amygdala connections. Connections showing 
significant connectivity with the amygdala that did not change with age (from age 4 to 
age 23 years) across both resting-state and stimulus-elicited connectivities were identified 
as stable control connections. This statistical conjunction analysis identified an 
amygdala-medial frontal gyrus (mFG) connection (fear vs. baseline condition with 
resting-state, 32 voxels, centered at x = 12, y = 42, z = 17, Brodmann Areas 9, 10, 32; 
Figure 5a). Consistent with the prediction about stable connectivities, a significant 
inverse association was found between resting-state and stimulus-elicited connectivity for 
this amygdala-supragenual mFG connection when measured concurrently, controlling for 
age and MFD covariates (Pearson’s r (partial): -0.335, p = 0.020, n = 51; Figure 5b). 
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Across participants, more positive resting-state connectivity was associated with more 
negative stimulus-elicited connectivity for the amygdala-mFG connection. In the smaller 
prospective subsample of participants, no significant association was observed between 
connectivities (Pearson’s r (partial): -0.165, p = 0.474, n = 22). 
 
Negative Control Connections: Non-convergence of Age-Related Changes in 
Connectivity Patterns 
Second, connections showing age-related changes in resting-state connectivity that were 
not modulated by the emotional faces paradigm (i.e., did not show significant stimulus-
elicited connectivity or age-related changes in stimulus-elicited connectivity) would not 
be expected to show associations between this paradigm’s stimulus-elicited connectivity 
estimates and resting-state connectivity concurrently or prospectively. That is, the 
resting-state connectivity may be shaped by other contexts that the emotional faces 
paradigm does not capture for this set of connections.  
Cross-sectional Control Analyses: No Associations between Connectivities 
To perform a control analysis testing the prediction that stimulus-elicited and resting-
state connectivity would show no association concurrently for the negative control 
connections, a statistical conjunction analysis identified connections showing age-related 
changes in resting-state connectivity but no significant age-related changes in or 
significant age-constant stimulus-elicited connectivity in any condition (fear or happy). 
Two such negative control connections met these criteria: a right hemisphere amygdala-
superior temporal gyrus (STG) connection (285 voxels, centered at x = 49, y = -32, z = 
11, Talairach Atlas; Brodmann Areas 41, 21; Figure 6a) and a bilateral amygdala-
parahippocampal (PH) connection (216 voxels, centered at x = 23, -41, -3 (Right 
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hemisphere), x = -28, y = -39, z = -8 (Left hemisphere), Talairach Atlas; Brodmann Area 
36; Figure 6d). Consistent with the prediction, neither connection showed significant 
associations between the stimulus-elicited connectivity in either happy or fear conditions 
and the resting-state connectivity estimate when measured concurrently, over and above 
the effects of age and MFD values (amygdala-STG fear condition and resting-state: 
Pearson’s r (partial) = -0.241, p = 0.11, n = 49; amygdala-STG happy condition and 
resting-state: Pearson’s r (partial) = 0.081, p = 0.59, n = 49; Figure 6b; amygdala-PH fear 
condition and resting-state: Pearson’s r (partial) = -0.180, p = 0.21, n = 53; amygdala-PH 
happy condition and resting-state: Pearson’s r (partial) = -0.082, p = 0.57, n = 53; Figure 
6e). 
Prospective Control Analyses: Stimulus-elicited Connectivity Does Not Predict Resting-
state Connectivity 
Next, a prospective analysis tested the prediction that stimulus-elicited connectivity 
would not prospectively predict later resting-state connectivity for the amygdala-STG and 
amygdala-PH control connections (i.e., no long-term molding of resting-state 
connectivity for the negative control connections). Regression models for each 
connection tested whether stimulus-elicited connectivity measured at the first scan (a 
model for the fear condition and a separate model for the happy condition) predicted 
resting-state connectivity two years later, covarying for individual variability in the time 
difference between visits, the main effect of age, and resting-state connectivity estimates 
from the first scan. Consistent with the prediction, no effect of stimulus-elicited 
connectivity in predicting resting-state connectivity two years later was observed for 
either condition (fear or happy) for either connection (amygdala-STG fear condition and 
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resting-state: b coefficient = 0.001, t = -0.606, p = 0.553, n = 21; amygdala-STG happy 
condition and resting-state: b coefficient = -0.002, t = -0.671, p = 0.512, n = 21; Figure 
6c; amygdala-PH fear condition and resting-state: b coefficient = 0.003, t = 0.944, p = 
0.359, n = 22; amygdala-PH happy condition and resting-state: b coefficient = 0.005, t = 
1.36, p = 0.192, n = 22; Figure 6f). 
Prospective Control Analyses: Resting-state Connectivity Does Not Predict Stimulus-
elicited Connectivity 
 Moreover, as expected for both fear and happy-face conditions, across both control 
connections, resting-state connectivity measured at the first scan did not predict the 
estimate of stimulus-elicited connectivity two years later either, over and above 
covariates’ effects of time differences between visits, age, and stimulus-elicited 
connectivity from the first scan (amygdala-STG fear condition and resting-state: b 
coefficient = 21.365, t = 0.787, p = 0.442, n = 22; amygdala-STG happy condition and 
resting-state: b coefficient = 20.350, t = 1.076, p = 0.299, n = 20; amygdala-PH fear 
condition and resting-state: b coefficient = -25.817, t = -1.283, p = 0.217, n = 22; 
amygdala-PH happy condition and resting-state: b coefficient = 47.407, t = 1.558, p = 
0.140, n = 20).  
Prospective Analyses: Control Connections’ Connectivities Across Two Years 
These connections were identified as having significant age-related changes in resting-
state connectivity (but no significant stimulus-elicited connectivity), so only associations 
across two years within the resting-state connectivity type were assessed. For the 
amygdala-STG control connection, resting-state connectivity at the first visit was 
negatively associated with resting-state connectivity at the second visit two years later at 
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the trend level over and above the effect of age and controlling for individual variability 
in the time difference between visits (Pearson’s r (partial) = -0.416, p = 0.077, n = 21), 
consistent with the age-related change from positive to negative connectivity previously 
observed for this connection (Gabard-Durnam et al., 2014). For the amygdala-PH control 
connection, resting-state connectivity at the first visit was positively associated with 
resting-state connectivity at the second visit two years later at the trend level over and 
above the same covariates (Pearson’s r (partial) = 0.428, p = 0.077, n = 20) 
Discussion 
A fundamental issue in understanding the ontogeny of brain function is how 
resting-state functional networks emerge and relate to stimulus-elicited functional 
connectivity. Here, we posit and test the long-term phasic molding hypothesis that 
resting-state network development is influenced by recurring stimulus-elicited 
connectivity through prospective examination of the developmental precursors leading to 
stable mature human functional connectivity for amygdala-cortical connections. These 
findings show that the developmental emergence of a resting-state network is indeed 
heavily influenced by the nature of previous phasic stimulus-elicited connectivity.  
To test the long-term phasic molding hypothesis, we focused primarily on the 
amygdala-mPFC circuit known to show robust developmental changes during this period 
and to ultimately assemble stable connectivity in maturity supporting emotion regulation 
behavior (Roy et al., 2009; Perlman and Pelphrey, 2011; Gee et al., 2013; Gabard-
Durnam et al., 2014; Swartz et al., 2014). We found that the age-related changes in 
resting-state and stimulus-elicited functional connectivities co-localized spatially; that is, 
the same mPFC region showed age-related changes in connectivity with the amygdala 
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across both measures. The stimulus-elicited and resting-state connectivities demonstrated 
highly related but opposite connectivity valences for this circuit when measured 
concurrently. Critically, during childhood and the transition to adolescence, stimulus-
elicited connectivity measured at baseline predicted resting-state connectivity measured 
two years later (over and above baseline resting-state connectivity), explaining about one 
quarter of the variance in the later resting-state estimates. However, there was no 
reciprocal developmental influence of baseline resting-state connectivity on stimulus-
elicited connectivity measured two years later. These findings were replicated for an 
amygdala-IFG functional connection identified from a whole-brain analysis, with the 
exception that stimulus-elicited amygdala-IFG connectivity was predictive of future 
resting-state connectivity across childhood and adolescence. These findings have several 
implications, discussed below, for our understanding of the ontogenetic mechanisms and 
plasticity of human resting-state connectivity emergence and its relation with stimulus-
elicited functional connectivity measures across development and in maturity. 
These results suggest that stimulus-elicited connectivity shapes the nature of 
resting-state connectivity through phasic molding occurring normatively on a 
developmental scale on the order of years, in support of the long-term phasic molding 
hypothesis. Specifically, these results show that the shaping process occurs throughout 
childhood, and in some cases into adolescence, for the amygdala-prefrontal functional 
network. The control analysis demonstrating an association between connectivity 
modalities maintained after a connection’s stabilization is consistent with prior influence 
of stimulus-elicited connectivity on resting-state connectivity, and provides evidence that 
a relation between connectivities persists in mature networks. Moreover, control analyses 
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of non-convergent age-related changes in connectivity further support the molding 
hypothesis by highlighting the specificity of our findings. That is, connections that do not 
show stimulus-elicited connectivity during the emotional faces paradigm also do not 
show any association between stimulus-elicited connectivity estimates and the 
developing resting-state connectivity that is shaped by other unmeasured contexts. Thus, 
the observed associations between stimulus-elicited and resting-state connectivities do 
not seem to reflect global artifact (e.g., respiration artifact), but are specific to 
connections where the particular stimuli used in this study induce a phasic coordinated 
response. 
Moreover, the developmental period during which stimulus-elicited connectivity 
could influence future resting-state connectivity varied across amygdala-prefrontal 
connections and may indicate different trajectories of connection malleability. While 
stimulus-elicited connectivity influenced amygdala-IFG resting-state connectivity across 
childhood and adolescence, for the amygdala-mPFC connection, we observed a 
developmental switch-point at the onset of adolescence after which stimulus-elicited 
connectivity was not associated with future resting-state connectivity. This finding is 
consistent with adolescence demarcating the terminal boundary of a sensitive period for 
amygdala-mPFC functional circuitry (Figure 2b). Further support for this interpretation 
comes from findings that children uniquely do not maintain stable resting-state coupling, 
indicative of increased malleability, and that their amygdala-mPFC circuit is uniquely 
sensitive to other environmental stimuli (e.g., the presence or absence of a parent) (Qin et 
al., 2012; Gabard-Durnam et al., 2014; Gee, Gabard-Durnam et al., 2014). Together, 
these results suggest that childhood demarcates a developmental period of exaggerated 
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malleability (i.e., sensitive period) and thus increased potential for long-term shaping in 
the construction of the amygdala-mPFC circuit. However, stimulus-elicited amygdala-
IFG connectivity influenced later resting-state connectivity across childhood and 
adolescence in this study. Notably, this region of the IFG has previously been implicated 
in cognitive control and affect reappraisal (coordinates overlap spatially with NeuroSynth 
automated meta-analyses), and both the IFG and these processes have been shown to 
have protracted developmental trajectories continuing into young adulthood (Casey et al., 
2005; Lenroot and Giedd, 2006; Wager et al., 2008; Luna et al., 2010; McRae et al., 
2012). Given the lengthy duration of IFG functional development, it is possible that our 
finding that amygdala-IFG stimulus-elicited connectivity continues to influence resting-
state connectivity across adolescence reflects a more extended period of malleability for 
this connection relative to the amygdala-mPFC connection. Future work extending this 
assessment beyond age 18 years is necessary to determine whether the amygdala-IFG 
connection’s malleability tapers off or persists through young adulthood. 
Notably, initial adult studies exploring training effects on mature, established 
resting-state connectivity patterns suggest that resting-state connectivity may continue to 
undergo refinement through different, short-term Hebbian-like mechanisms in maturity 
(Albert, Robertson, & Miall, 2009; Harmelech, Preminger, Wertman, & Malach, 2013; 
Lewis, Baldassarre, Committeri, Romani, & Corbetta, 2009; Mackey, Miller Singley, & 
Bunge, 2013; Tambini, Ketz, & Davachi, 2010). Preliminary research of the Hebbian-like 
mechanisms in adults has suggested that reactivation of regions during sleep may 
facilitate this process in mature systems (Harmelech et al., 2013; Laureys et al., 2001). 
Sleep-based consolidation could be explored in future studies as a candidate means 
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facilitating the developmental phasic molding of resting-state connectivity that occurs 
across years.  
In addition, our direct comparison of resting-state connectivity with stimulus-
elicited connectivity for the same amygdala-prefrontal network within the same 
individuals revealed the development of contrasting connectivity valences between 
stimulus and resting-state conditions. That is, in an adult individual, positive resting-state 
connectivity is associated with negative stimulus-elicited connectivity for the amygdala-
mPFC circuit, and negative resting-state connectivity is associated with positive stimulus-
elicited connectivity for the amygdala-IFG circuit. Preliminary research exploring 
stimulus-elicited activations and resting-state connectivity co-localization for mature 
networks, largely focused on the default-mode network (DMN), suggests similar inverse 
relations may be observed (Thomason et al., 2008; Smith et al., 2009; Mennes et al., 
2010; Mennes et al., 2012),. Attenuation of the inverse association between the DMN and 
stimulus-elicited activity has been associated with inefficient network function, poor task 
performance, and even a range of clinical phenotypes (Sonuga-Barke and Castellanos 
2007; Kelly et al. 2008; Mannell et al. 2010; Hamilton et al. 2011; Liddle et al. 2011). 
Inverse relationships between stimulus-elicited and resting-state connectivity valences 
may therefore generally mark efficient communication within networks (Buckner and 
Vincent, 2007; Tomasi et al., 2013; Guerra-Carrillo et al., 2014). However, whether our 
finding of oppositely-valenced functional connectivities is a generalizable phenomenon 
needs to be further explored.   
Given these results documenting the co-emergence of functional connectivities 
for the amygdala-prefrontal network, it is important to examine whether these same 
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mechanisms are at play in other functional networks emerging across development. 
Although we did not observe any predictive influence of resting-state connectivity on 
stimulus-elicited functional connectivity, it is possible that our small sample size 
precluded us from finding a weaker effect. Alternatively, it has been suggested that 
resting-state connectivity may constrain stimulus-based connectivity patterns in mature 
systems, and future studies extending the present age cap of 18 years into adulthood may 
capture a later developmental reversal in the direction of influence between functional 
connectivities (Deco & Corbetta, 2011). Future research relating to systems level 
mechanisms of functional plasticity could help characterize the potential childhood 
period of malleability for the amygdala-mPFC circuit and evaluate potential factors 
triggering connectivity stabilization after childhood, including puberty onset, changes in 
hormone expression, or the psychosocial transition from elementary to middle school 
(Johansen-Berg, 2013). 
In conclusion, our results provide critical insight into how the nature of the 
connectivity elicited by environmental events may shape resting-state connectivity across 
development and highlight childhood as a potential developmental period of heightened 
malleability for the amygdala-mPFC circuit. These findings suggest that early 
environmental events sculpt future functional network architecture, with implications for 
how both positive and adverse experiences influence the developing brain. Future 
research characterizing developmental periods of plasticity for amygdala-prefrontal 
circuits will be critical for understanding affective behaviors and when interventions for 
affective psychopathology can be most effective. Importantly, the neural systems level 
mechanism we describe, whereby previous phasic experience influences the development 
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of resting-state connectivity, is consistent with the single animal investigation comparing 
the development of phasic and resting activity at the neural population level within a 
visual cortex region in ferrets (Berkes et al., 2011). This concordance is especially 
striking given the different species, brain regions, and levels of neural processes 
involved. Accordingly, the present results indicate that this developmental long-term 
phasic modeling mechanism of circuit formation may be preserved across levels of neural 
complexity and motivate future investigations of whether this mechanism reflects a 




Study 2: Effects of intrinsic neuroplasticity variability and early adverse experience 
on the development of amygdala-PFC circuitry and emotion regulation behavior 
 
Gabard-Durnam, Laurel Joy; Fareri, Dominic; Goff, Bonnie; Flannery, Jessica; Lumian, 
Daniel Stephen; Gee, Dylan Grace; Humphreys, Kathryn Leigh; Telzer, Eva; Caldera, 








A rich non-human animal literature has demonstrated that parental deprivation in 
the early postnatal period has potent effects on the function of developing amygdala-
cortical circuitry. In humans, a similar parental deprivation is experienced by previously 
institutionalized (PI) youths adopted out of orphanages. The present study leveraged 
variable timing and duration of the parental deprivation in a sample of PI youth to 
explore whether deprivation exerts its effects through a dose-response relation or by 
disrupting a sensitive period for amygdala-prefrontal cortex functional connectivity, and 
to ascertain how this experience interacts with genetically-driven differences in 
neuroplasticity indexed by the BDNF Val66met polymorphism to shape amygdala-
prefrontal cortex functional architecture. We then assessed how the experience-related 
and neuroplasticity effects on the functional architecture related to emotion regulation 
behavior concurrently and years later in development. We found that the genetically-
regulated plasticity and parental deprivation experience exerted independent effects and 
interacted to heavily influence the construction of amygdala-ventral prefrontal cortex 
(PFC) functional networks. We identified opposite influences of the dose of deprivation 
and developmental timing of the deprivation that together accounted for between one-
third and one-half of the variance in amygdala-PFC connectivity estimates, with the 
developmental timing of the deprivation proving to be an especially robust predictor of 
both functional network phenotype and internalizing behavior years later. Finally, we 
observed robust prospective associations between the amygdala-PFC connectivity and 
internalizing behavior. Together, these findings show how intrinsic plasticity and 
experiential factors interact to construct amygdala-PFC functional architecture and 
associated emotion regulation behavior across childhood and adolescence. 
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A rich non-human animal literature shows that the experience of parental 
deprivation in the early post-natal period has potent, adverse effects on the amygdala and 
prefrontal cortex, regions central to emotion regulation behavior (R Adolphs et al., 1994; 
Ralph Adolphs & Spezio, 2006; Banks et al., 2007; Francis & Meaney, 1999; Hariri et 
al., 2003; Kolb et al., 2012; Li, Kim, & Richardson, 2012; McEwen, 2008; Mitra, Jadhav, 
McEwen, Vyas, & Chattarji, 2005; Muhammad, Carroll, & Kolb, 2012; Ochsner & 
Gross, 2005; Ono et al., 2008; Phillips et al., 2003; Romeo et al., 2003; Tottenham & 
Sheridan, 2009). Moreover, studies in non-human primates have shown that the 
developmental timing of the parental deprivation stressor matters in shaping neural 
outcomes. Specifically, the earlier in life the deprivation occurs, the more devastating its 
effects are on amygdala development, evidence consistent with heightened amygdala 
plasticity and sensitivity to the environment early in life (Jones et al., 2009; Tottenham & 
Sheridan, 2009; Tottenham, 2012). Early parental deprivation also impairs both the 
structural and functional development of the ventromedial PFC in rodents (K. Braun, 
Lange, Metzger, & Poeggel, 1999; Monroy, Hernández-Torres, & Flores, 2010; Ono et 
al., 2008), suggesting functional interactions between the amygdala and PFC as a 
network may also be altered by the stressor.  
In humans, a similar parental deprivation is experienced by previously 
institutionalized (PI) youth. Although the deprivation stressor is terminated by adoption 
into families, PI youth as a group continue to manifest hyperactivity of the amygdala and 
altered subcortical-PFC functional connectivity phenotypes in response to aversive and 
emotional stimuli, suggesting amygdala-PFC circuitry function is affected by early 
postnatal deprivation in the human as well (Gee, Gabard-Durnam, et al., 2013; Mehta et 
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al., 2009; J. A. Silvers et al., 2016; Tottenham et al., 2010; Tottenham, Hare, & Casey, 
2011). In parallel with altered amygdala-PFC circuitry function, PI youth at the group 
level have been shown to have persistent, elevated internalizing behavior and difficulties 
with emotion regulation across development, behavior subserved by atypical amygdala-
PFC circuitry in other populations (Bos et al., 2011; Kim, Gee, et al., 2011; Nelson, 2007; 
Tottenham et al., 2011). 
 Importantly, within the PI youth population, there is large heterogeneity in both 
neural and behavioral outcomes in the affective domain (Bos et al., 2011; Callaghan & 
Tottenham, 2016; Gee, Gabard-Durnam, et al., 2013; Gunnar & Van Dulmen, 2007; J. A. 
Silvers et al., 2016; Tottenham & Sheridan, 2009; Tottenham, 2012; Zeanah et al., 2009). 
Studies have therefore focused on how parameters of the deprivation experience 
contribute to this range of individual differences. A consistent finding across cohorts is 
that earlier adoption out of the institution leads to more typical neural and behavioral 
profiles (Gunnar et al., 2012; Julian, 2013; Nelson, 2007; Zeanah, Gunnar, McCall, 
Kreppner, & Fox, 2011). However, an important question remains with regards to the 
influence of developmental timing (i.e., sensitive periods) versus the dose of deprivation 
(duration of time in the institution) in generating these improved outcomes. This question 
has been difficult to address across samples, however (Julian, 2013; Zeanah et al., 2011). 
Infants are largely placed into institutional care very early in life, so infants adopted out 
sooner are removed both earlier in their development and with shorter deprivation 
durations. That is, the factors of developmental timing and duration of institutional care 
are confounded with each other when age at entry to the institutions is homogenously 
early (Zeanah et al., 2011). Thus, it remains unclear how these aspects of the deprivation 
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experience contribute to the altered amygdala-PFC circuitry and generate the 
heterogeneous affective behaviors observed. 
Importantly, the efficacy of such deprivation factors in shaping amygdala-PFC 
circuitry is dependent upon individual differences in neural sensitivity to the environment 
(B J Casey et al., 2009; Champagne, 2010; Nederhof et al., 2010; M. A. Sheridan & 
McLaughlin, 2014; M. Sheridan, Drury, McLaughlin, & Almas, 2010). Neural plasticity 
regulators at the molecular level like brain-derived neurotrophic factor (BDNF) confer 
differential levels of sensitivity to external experience in the developing brain (B J Casey 
et al., 2009; Ninan, 2014). BDNF has many functions critical to development, including 
promoting experience-dependent plasticity by modulating synaptic transmission and 
promoting neuron survival (Ghosh, Carnahan, and Greenberg, 1994; Almeida et al., 
2005; Gomez-Panilla et al., 2002; Lu et al., 1997). In the rodent, differential BDNF levels 
in the PFC as a function of parental deprivation and variation in maternal care have 
consequences for social behavior and anxiety-like phenotypes (Bath & Lee, 2006; 
Branchi et al., 2013; B J Casey et al., 2009; Champagne, 2010; Chen et al., 2006; 
Kundakovic et al., 2015; Soliman et al., 2010). In the human, environments also interact 
with endogenous variation in BDNF levels that occurs through a functional single 
nucleotide polymorphism in the BDNF gene (the substitution of methionine for valine in 
the 66th codon (val66met))(B J Casey et al., 2009). In the context of adversity, individuals 
with at least one Met allele (Met carriers, with Met/Val or Met/Met) have shown lower 
levels of BDNF-related plasticity due to less efficient and dysregulated activity-
dependent release of BDNF within the brain (Bath & Lee, 2006; Z.-Y. Chen et al., 2004; 
Zhe-Yu Chen et al., 2006; Soliman et al., 2010). Met carriers have also demonstrated 
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changes in amygdala and PFC volume compared to BDNF Val/Val individuals and 
increased susceptibility for internalizing disorders, suggesting PFC-amygdala circuitry 
function may differ depending on BDNF genotype (B J Casey et al., 2009; Zhe-Yu Chen 
et al., 2006; Gatt et al., 2009; Montag, Weber, Fliessbach, Elger, & Reuter, 2009).  
The present study sought to examine how early adverse experience interacts with 
differences in sensitivity to experience to influence the development of amygdala-PFC 
functional architecture and associated emotion regulation behavior. A sample of PI and 
never-institutionalized children and adolescents were recruited as the early adversity and 
control groups for the study. We leveraged task-independent resting-state functional 
connectivity as a robust measure of amygdala-PFC functional architecture across 
development for this study. Amygdala-PFC resting-state connectivity has previously been 
shown to undergo change during childhood and adolescence, with stable, positive 
amygdala-PFC connectivity observed in healthy adults (Gabard-Durnam et al., 2014, Qin 
et al., 2012, Roy et al., 2009). In contrast, negative amygdala-ventral PFC connectivity 
has been associated with increased concurrent internalizing behavior ((Cisler & Olatunji, 
2012; Etkin, Prater, Schatzberg, Menon, & Greicius, 2009; Kim, Gee, et al., 2011; Amy 
K Roy et al., 2013). Here, we employed a prospective design to assess the functional 
consequences of amygdala-PFC circuitry variation on internalizing behavior both 
concurrently and two years later in development. We predicted that PI youth and Met-
carrier youth would show less positive patterns of amygdala-PFC functional connectivity 
consistent with increased internalizing behavior profiles. Moreover, variability within the 
sample of PI youth in the age at entry to institutional care as well as duration of 
institutionalization facilitated testing whether the parameters of developmental timing or 
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the dose of the deprivation experience underlay alterations in amygdala-PFC functional 
connectivity and subsequent internalizing behavior. We tested these questions about 
endogenous and environmental influences on amygdala-PFC circuitry and internalizing 
behavior across development for youths from 6 to 18 years of age. 
Methods 
Participants 
Sixty previously-institutionalized youth (PI group) and 64 comparison youth who 
were raised and lived with their biological families from birth (Comparison group) aged 6 
to 18 years old provided data as part of a larger longitudinal study. From that sample, 14 
PI youth were excluded due to motion criteria, 2 PI youth were excluded because no 
structural scan was collected so data could not be registered and normalized, 13 
comparison youth were excluded due to motion criteria (for criteria, see Motion 
Corrections section), 1 comparison youth was excluded due to technical error during data 
collection, and 1 comparison youth was excluded for no signal coverage of the amygdala. 
The sample contributing usable data for the present study therefore consisted of 44 PI 
youth and 49 comparison youth (see Table 2 for demographic information). Forty-four of 
the comparison youth were previously included in resting-state connectivity publications 
with orthogonal analyses to the current study (Gabard-Durnam et al., 2014; Gabard-
Durnam, Gee, et al., 2016; Fareri et al., 2015). PI participants were placed into 
institutionalized care outside of the United States of America largely across the first 2 
years of life before being adopted into stable families in the United States. Three PI youth 
were placed into institutionalized care after the first two years of life (see Table 3), but as 
they were not outliers in any analysis and did not significantly affect the MRI results, 
they were retained in the sample (see Figure 7 for a comparison of age-of-entry to 
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institutional care with duration of institutional care for this PI sample). PI youth did not 
significantly differ from comparison youth providing usable data in the length of usable 
resting-state data provided (T(91) = 0.125, p = 0.901, n = 93), degree of motion during 
the scan (Euclidean norm of motion parameters post-censoring; T(89.4) = 0.227, p = 
0.821, n = 93), coverage of the amygdala seed region (number of functional data voxels 
within the mask; T(91) = 0.292, p = 0.771, n = 93), puberty (collected for a subsample of 
participants; T(76) = 0.981, p = 0.330, n = 78), sex (T(90.9) = 1.13, p = 0.260, n = 93), or 
age (T(88.3) = 0.477 p = 0.63, n = 93). 
All comparison participants were physically and psychiatrically healthy as 
confirmed by a telephone screening during recruitment. All participants had normal or 
corrected-to-normal vision. Prospective comparison participants were excluded from 
participation if they had ever received a diagnosis of a learning or developmental 
disability, reported illicit drug use or alcohol use greater than 10 drinks per week, or were 
taking psychotropic medication. Eight of the prospective PI youth were taking 
psychotropic medication at the time of the study. These youth were not outliers in the 
MRI analyses, and analyses with the questionnaire data performed both with and without 
these youth in the model were highly consistent (not reported). Analyses with only the PI 
group controlled for medication status. Prospective PI and comparison youths were 
excluded from participation if they reported metal implants or any other contraindications 
to MRI. This study was approved by the Institutional Review Boards of the University of 
California, Los Angeles and the state of California. All participants or their parents 





Participants completed a total of three study sessions. In all three sessions, parents 
completed questionnaires about their children. Additionally, in the first lab session, all 
participants were given the opportunity to acclimate to an MRI scanner environment with 
a mock MRI scanner. Recorded MRI noises were available for families to play at home to 
participants as further preparation. The DNA sample was provided during this session.  
In the second session, participants returned to complete an MRI scan with the 
resting-state paradigm as part of a larger task battery (Telzer et al., 2013; Gee, Gabard-
Durnam et al., 2014). To avoid capturing patterns of amygdala resting-state functional 
connectivity attributable to differences in initial MRI acclimation and arousal between 
the younger and older participants, all participants completed the resting-state scan at the 
end of the forty-five minute-long session. To preclude potential carry-over effects from 
the fMRI stimuli, the resting-state scan was directly preceded by a buffer of 
approximately fifteen minutes of anatomical scans during which participants passively 
viewed a film. Although it is possible that the film-viewing could influence subsequent 
amygdala activity, prior research has also shown that task ordering does not influence the 
amygdala-mPFC connectivity measures presently examined (Roy et al., 2009; Kim et al., 
2011). Participant alertness was assessed through listening throughout the scan, direct 
observation at the end of the scan, and self-report of sleepiness. 
Participants completed a resting-state scan of 6 minutes duration in which they 
were instructed to lie still with their eyes closed (Laurel J Gabard-Durnam et al., 2014). 
All participants were scanned with a Siemens Trio 3.0-Tesla MRI scanner using a 
standard 12-channel radiofrequency head coil. We collected T2*-weighted echoplanar 
images at an oblique angle of ~15° to 30° (selected per participant to minimize signal 
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drop-out for their scans) (180 volumes; TR, 2000 ms; TE, 30 ms; flip angle, 75°; matrix 
size, 64 x 64; FOV, 220 mm; 33 slices; 4 mm slice thickness; skip 0mm). A whole brain, 
high resolution, T1-weighted anatomical scan (MP-RAGE; 192 × 192 in-plane 
resolution, 256 mm FOV; 192 mm × 1 mm sagittal slices) was acquired for each 
participant (except for two PI youth, who were subsequently excluded from analyses) for 
registration and localization of functional data to Talairach space (Talairach & Tournoux, 
1988).  
 Participants returned for a third session approximately two years after the MRI 
visit. Fifty-nine out of the 93 participants completed the third session, with an average 
time between the MRI and the third session of 21 months (standard deviation (s.d.) = 6.3 
months (time difference did not significantly differ between PI and comparison youth 
(T(57) = 1.62, p = 0.11, n = 59). Parents completed questionnaires about their children 
during this third session as part of a larger task battery.  
 
Questionnaires  
To measure internalizing behaviors in all participants, parents completed the 
Child Behavior Checklist questionnaire (CBCL) about their children (Parent Rating 
Form, Achenbach 1983). The CBCL is a 113 item standardized instrument to assess 
emotional or behavioral problems, with items are scored on a three-point scale. Eight 
subscales and an internalizing problem score, externalizing problem score, and total score 
as well as normed scores (T scores) that take into account age and sex of the child may be 
computed from this questionnaire. The CBCL and its subscales have been validated for 
use with children 6-18 years of age in over 30 societies world-wide, covering the range of 
ages included in the present study (Ivanova et al., 2007). The continuous measure of total 
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internalizing problems T-scores is used in the present study to index internalizing 
behavior. CBCL scores were obtained for 89 (out of 93) participants at either the first or 
second visit to measure concurrent associations with amygdala resting-state networks (42 
PI, 47 comparison participants). CBCL scores during the third visit two years later were 
obtained for 59 participants, 55 of whom also had the baseline CBCL scores (26 PI, 32 
comparison participants), facilitating prospective association analyses. No comparison 
youth scored above the clinical threshold for internalizing T scores, although three 
comparison youth scored within the borderline clinical range. 
Pubertal stage as measured by the Peterson Pubertal Development Scale (PPDS; 
(Petersen, Crockett, Richards, & Boxer, 1988) was collected for 78 of the 93 participants 
at the MRI visit to assess whether the two groups significantly differed on this measure.  
 
DNA Collection, Extraction and Analysis  
Saliva samples (~4 cc total) were collected from each subject as a source of 
genomic DNA for genetic analysis using the Oragene system (DNA Genotek). A Taqman 
5’ exonuclease assays (ABI) was used to genotype DNA samples at the BDNF Val66Met 
(rs6265) SNP. Assays were performed on a 7900HT apparatus (ABI) in real-time PCR 
mode using standardized cycling parameters for ABI Assays on Demand Allelic. 
Fluorescence intensities were also collected in Allelic Discrimination mode after thermal 
cycling. Visual inspection of the amplification curves for each allele of rs6265 led to 
determination of the genotype. All samples were required to give clear and concordant 
results in real time. Endpoint analyses and all samples that did not give clear results were 
re-run and/or re-extracted until they provided clear genotype calls. For this study, 
participants with the BDNF Met/Met (6 PI youths and 4 comparison youths) and BDNF 
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Val/Met genotypes were collapsed into a single Met-carrier group (40 participants; 24 PI 
youth, 16 comparison youth) and compared to the BDNF Val/Val group (53 participants; 
20 PI youth, 33 comparison youth). Chi-square tests revealed that both the Met-carrier 
group and the Val/Val group did not significantly differ in their composition of PI 
relative to comparison youth (Met-carriers: Chi2(1) = 1.6, p = 0.206, n = 40; Val/Val: 
Chi2(1) = 3.2, p = 0.074, n = 53; Figure 8). 
 
FRMI Data Pre-processing  
The functional imaging data were preprocessed and analyzed with the Analysis of 
Functional NeuroImages (AFNI) software package (R. W. Cox, 1996). For each 
participant’s images, preprocessing included discarding the first 4 functional volumes to 
allow for BOLD signal stabilization, correction for slice acquisition dependent time shifts 
per volume, rigid body translation and rotation from each volume to the first volume to 
generate 6 within-subject regressors, and spatial smoothing. Data were smoothed to a 
9mm isotropic full-width half maximum smoothness using 3dBlurToFWHM (i.e., various 
smoothing kernels were used across participants to achieve the same final smoothness of 
9mm) to achieve equivalent effective spatial smoothness across participants of different 
ages and motion levels (Scheinhost et al., 2013). To allow for comparisons across 
individuals, timecourses were then normalized to percent signal change, and functional 
data were registered to the participant’s anatomical scan with a normed mutual 
information cost function, and the anatomical and functional scans were transformed to 
the standard coordinate space of Talairach and Tournoux (Talairach & Tournoux, 1988) 
with a 12-parameter affine transformation in AFNI’s align_epi_anat.py script. 
Transformations on the functional scans were combined into a single transformation 
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within align_epi_anat.py to minimize the amount of interpolation applied to the 
functional data. Talairach-transformed images had a resampled resolution of 3mm3. 
Comparison of structural and functional MRI data between young children and adults by 
transformation to standard coordinate spaces like Talairach and Tournoux has previously 
been shown to be methodologically appropriate (Burgund et al., 2002; Kang et al., 2003). 
Moreover, we have previously created anatomical averages for participants in this sample 
split into four age groups (4-9, 10-13, 14-18, and 19-23 years) and overlaid these 
averages on the adult template to verify that amygdala seed regions in this developmental 
sample correspond to those in the adult template space after registration (Laurel J 
Gabard-Durnam et al., 2014; Gee, Humphreys, et al., 2013). The anatomical average 
from each of these developmental groups has coincided robustly with the adult template 
and with various anatomically defined amygdala regions, suggesting that registration of 
subcortical regions across development is not a confounding factor in this study. 
 
fMRI Motion Corrections 
Consistent with recent recommendations, a strict motion-censoring limit was 
applied so that any timepoint and the immediately preceding timepoint were both 
censored if the Euclidean norm of the scan-to-scan motion parameters across the 6 rigid-
body parameters exceeded .5 mm or degrees (Siegel et al., 2014; Power et al. 2015). The 
mean length of retained resting-state data was 5.2 minutes of 6 minutes (PI youth mean = 
5.2 minutes; comparison youth mean = 5.2 minutes). Given this motion restriction, four 
PI participants (ages 8, 9, 11, and 12) and five comparison participants (ages 6, 8, 11, 13, 
and 14) could only contribute between ~3.5 to 4 minutes of usable resting-state data; 
however, because these participants were not outliers in any analysis and because resting-
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state correlation strengths have been shown to stabilize rapidly (Van Dijk et al., 2010), 
these participants’ data were included in analyses. An additional fourteen PI participants 
and 13 comparison participants contributing less usable resting-state data than the ~3.5 to 
4 minute minimum were excluded from further analysis (information from these 27 
participants excluded for motion criteria does not appear in the demographic table for the 
sample). Importantly, functional connectivity analyses have been demonstrated to be 
especially sensitive to motion artifacts (Hallquist et al., 2013; Satterthwaite et al., 2012; 
Van Dijk et al., 2012), thus several further steps were taken to thoroughly address this 
potential confound.  
At the within-subject level of analysis, 6 rigid body motion regressors and the 6 
backwards temporal derivatives of those regressors were included in all regressions to 
correct for head motion artifacts (Van Dijk et al., 2010; Yan et al., 2013). Moreover, 
high-frequency signals have been shown to be most susceptible to motion confounds, so 
all data were temporally bandpass-filtered with a more conservative cutoff of 0.08Hz 
(compared to the 0.1Hz cutoff often used for resting-state data) as recommended by 
Satterthwaite and colleagues (Satterthwaite et al., 2012). The mean framewise 
displacement (MFD) value was also calculated for each participant as described by Van 
Dijk and colleagues (Van Dijk et al., 2012). MFD values were included in all group-level 
regressions (both in AFNI and with the extracted parameter estimates offline) as a 
covariate of no interest. 
 
Amygdala Seed Region of Interest  
The amygdala seed region of interest (seed ROI) was determined in standard space using 
the stereotaxic, probabilistic maps of cytoarchitectonic boundaries generated by Amunts 
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et al. (2005) that are available in FSL’s Juelich histological atlas. Maps exist for the 
amygdala’s laterobasal (LB) subregion, centromedial (CM) subregion, and the superficial 
(SF) subregions for each hemisphere. Only voxels with at least a 50% probability of 
belonging in one of these subregions were included in the ROI, and the LB, CM, and SF 
subregions were combined for the two hemispheres to create a bilateral whole-amygdala 
seed ROI (Figure 9).  
 
Resting-state Connectivity Participant-Level Analysis 
Ventricle, white matter, and whole brain segmented masks were generated 
through AFNI’s 3dSeg, with the ventricle and white matter masks eroded once using the 
18-neighbor approach in 3dmask_tool to avoid indexing grey-matter signal of interest. 
Timecourses for eroded ventricle, eroded white matter, and the global signal were 
extracted from the data before spatial smoothing was applied to the signal. Analyses were 
completed with the global signal regressor to benefit from its reduction of motion and 
physiological artifacts [e.g. Chen et al., 2012; Keller et al., 2013; Power et al., 2015]. 
Moreover, previous resting-state analyses of amygdala functional connectivity using the 
same seed ROI in a sample that included the comparison youths in the present study 
found that including the global signal versus leaving it out did not significantly alter the 
pattern of whole-brain results (Gabard-Durnam, et al., 2014). The nuisance ventricle, 
white matter and global timecourses, along with 12 motion parameters (6 rigid-body 
motion parameters and their 6 backwards temporal derivatives), were simultaneously 
regressed out of the signal during temporal band-pass filtering (0.009 Hz < f < 0.08 Hz) 
as nuisance covariates to account for external contamination of the remaining resting-
state frequencies (Power et al. 2015). Temporal filtering was used to isolate the relevant 
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signal fluctuations contributing to functional networks. The average timecourse for the 
bilateral amygdala seed region was then calculated after the combined filtering and 
nuisance regression of the data.  
 For each participant, a regression was performed using AFNI’s 3dREMLfit 
program to fit generalized Least Squares ARMA (1,1) regression models correcting for 
temporal autocorrelation in the data. Each regression model included the amygdala seed 
average timecourse. These regressions generated subject-level maps of the correlations 
between the amygdala timecourse and every other voxel’s timecourse using the filtered, 
nuisance-regressed data.  
 
Resting-state Connectivity Group-Level Statistical Analysis 
 Individual-level regression coefficients for whole-brain connectivity with the 
amygdala seed were submitted to the group level and tested in a whole-brain mixed-
effects analysis of covariance (ANCOVA) with AFNI's 3dttest++ program. The group-
level ANCOVA was performed to identify regions of the brain whose resting-state 
correlation with the amygdala seed ROI significantly differed as a function of participant 
stress group (PI or comparison), BDNF genotype (Met-carrier or Val/Val), or as an 
interaction between stress group and BDNF genotype (groupxBDNF term), controlling 
for participants’ sex, MFD motion level (mean-centered covariate), and the main effect of 
age (mean-centered covariate). Uncorrected voxel significance thresholding was set to p 
< 0.05. AFNI’s 3dFWHMx and 3dClustSim programs (version compiled after the 
correction of a long-standing bug in 3dClustSim in 2015) were used to correct for 
multiple comparisons to achieve a family-wise error rate of alpha < 0.05. AFNI’s 
3dFWHMx program was run for each participant to estimate the individual-level 
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regression’s residual smoothness in the x, y, and z directions, and participant estimates 
were averaged together in each direction (mean smoothness across participants in each 
direction: x = 8.8mm, y = 8.7mm, z = 8.8mm). The residual smoothness estimates were 
then submitted to AFNI’s 3dClustSim for 10,000 Monte Carlo simulations. The critical 
cluster threshold to achieve a family-wise error rate of alpha < 0.05 was set to 235 voxels 
as determined by the 3dClustSim simulations.  
Parameter estimates for clusters surviving thresholding were extracted for the 
stress groupxBDNF interaction term as well as the conditional effects of stress group and 
BDNF for visualization and testing offline in SPSS (version 23). Each regions’ parameter 
estimates were residualized for effects of sex, motion (MFD value), and age as in the 
whole-brain model, and post-hoc Students’ T-tests assessed whether any group or 
condition’s estimates significantly differed from 0. Post-hoc simple effects Students’ T 
tests were performed on the deprivation groupxBDNF interaction effect to assess whether 
the deprivation and no-deprivation groups differed in connectivity for each BDNF 
genotype group (Met-carriers and Val/Val groups).  
As the age-range of this developmental sample spans childhood and adolescence, 
in addition to the primary analyses regressing out the main effect of age, the sample was 
also split into two subsamples of children (ages 6 – 11.9 years) and adolescents (12 – 18) 
to assess whether the effect of deprivation, BDNF genotype, or deprivation x BDNF 
interaction was present in each developmental subsample. The raw, unresidualized 
parameter estimates for each region were entered as the dependent variable in regression 
analyses, with sex, the motion covariate, and the grouping effect of interest entered as 
predictors. For the deprivation x BDNF interaction region, these subsample regressions 
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were run in each BDNF genotype separately as well as in each deprivation group 
separately. 
 
Handling of Influential Data Points in Offline Statistical Analyses 
 Any participants with values larger than 2.5 standard deviations away from the 
mean for their group (PI youth and comparison youth analyzed separately, BDNF 
Val/Val group analyzed separately from BDNF Met carrier group) on the behavioral 
variables examined in either direction any variables were excluded as univariate overly 
influential outliers (a priori exclusion criteria; no more than two participants excluded in 
any analysis). Participants were removed as overly-influential a priori multivariate 
outliers if they had studentized deleted residuals, Standardized DFFITS, Standardized 
DFBETAS, and Covariance Ratio measure values outside of each of these measures’ 
guidelines for small samples (a priori exclusion criteria to ensure no single data point 
could disproportionately enhance or confound results; no more than 2 participants 
excluded in any analysis). 
 
Timing and Dose Effects of Institutionalization Statistical Analyses 
 For only the PI group participants, the residualized parameter estimates for each 
amygdala-cortical functional connection sensitive to deprivation group status (deprivation 
effect and deprivation x BDNF effect) were submitted to regression analyses to explicitly 
test whether the timing or/and the duration of institutionalization were associated with 
changes in amygdala-cortical connectivity. Given the positively skewed distributions for 
both the age of entry into institutions and the duration of institutionalization, these 
variables were first log (base 10) transformed. For the age of entry variable, since 0 was 
included in the distribution of data (and the log of 0 is undefined), all entries were first 
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linearly transformed (addition of 1 to the entry) and then log (base 10) transformed. 
Regression models included the log-transformed entry and duration variables, age at 
fMRI scan, and psychotropic medication status as predictors of each amygdala-cortical 
circuit’s connectivity separately (connectivity residualized for sex, motion, and age as 
before). 
 
Brain-Behavior Statistical Analyses 
Separate regression analyses assessed whether the amygdala-cortical connectivity 
estimates for the effects of stress group, BDNF, or the stress groupxBDNF interaction 
were associated with concurrent internalizing behavior across all participants (CBCL 
internalizing scores). The CBCL total internalizing problem T scores were first 
residualized for any time difference between questionnaire completion and the MRI scan 
(time between visits varied across participants). For each conditional effect’s amygdala-
cortical functional connection from the whole-brain analysis, the residualized 
connectivity parameter estimate was entered as the predictor of the residualized 
concurrent CBCL internalizing problem T score, controlling for age, sex, and BDNF 
group status for the stress group connectivity effect, and controlling for age, sex and 
stress group status for the BDNF group connectivity effect.  
Regression analyses also assessed whether the amygdala-cortical connectivity 
estimates were prospectively predictive of CBCL internalizing T scores two years later, 
over and above any association with concurrent CBCL internalizing T scores. For each 
amygdala-cortical functional connection separately, the residualized connectivity 
parameter estimate, the residualized concurrent CBCL internalizing T score, the time 
difference between the MRI scan and the follow-up CBCL score centered to 24 months, 
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age, and sex were entered as predictors of the follow-up CBCL internalizing T score, 
residualized for age. The BDNF effect regression additionally controlled for group status 
in the model, while the deprivation group effect regression additionally controlled for 
BDNF status.  
 
Timing and Dose Effect Mediations with Functional Connectivity and Internalizing 
Behavior 
For only the PI group participants, the residualized parameter estimates for each 
amygdala-cortical functional connection sensitive to deprivation group status (deprivation 
effect and deprivationxBDNF effect) were submitted to nonparametric empirical 
bootstrapping mediation (10,000 iterations) with bias-corrected confidence intervals 
using the PROCESS macro in SPSS (version 23) (Preacher and Hayes, 2004). Two 
mediation models were tested for each amygdala-PFC connection, one testing the effect 
of developmental timing of deprivation (age-at-entry to institution) and one testing the 
effect of duration of institutional care. Each mediation model tested for a mediated 
(indirect) effect of the amygdala-PFC functional connectivity on the relation between 
either age-at-entry or duration of institutional care and the follow-up CBCL internalizing 
behavior T score, with age, sex, BDNF genotype, psychotropic medication status, and 
time difference between MRI and follow-up CBCL internalizing scores (centered to two 




Deprivation, BDNF, and DeprivationxBDNF effects on Amygdala-Cortical 
Connectivity 
A voxelwise ANCOVA tested whether any brain region’s functional connectivity 
with the amygdala differed as a function of early deprivation group status (PI or 
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comparison), BDNF genotype (Met-carrier or Val/Val), or through an interaction of 
deprivation group and BDNF genotype (deprivation x genotype), controlling for effects 
of age, sex, and mean scan-to-scan motion across participants (FWE alpha < 0.05, critical 
cluster size 235 voxels).  
 
Deprivation effects 
A significant conditional effect of deprivation group (PI or comparison) on 
amygdala functional connectivity was observed in a perigenual anterior cingulate cortex 
(periACC) region (extended laterally and ventrally in the right hemisphere (Figure 10), 
such that amygdala-periACC connectivity was more positive in the comparison group 
relative to the PI group. Post-hoc tests revealed that the comparison group, but not the PI 
group, had significantly positive amygdala-peri-ACC connectivity (residualized for age, 
motion, and sex effects; comparison: T(48) = 2.2, p = 0.03, n = 49; PI: T(43) = -1.76, p = 
0.086, n = 44, Figure 10). Post-hoc tests revealed that neither the child nor the adolescent 
subsample were statistically driving the observed effect independently, (child sample 
T(36) = 1.692, p = 0.099, n = 40; adolescent sample T(49) = 1.419, p = 0.162, n = 53). 
A significant effect of deprivation group on amygdala connectivity was also 
observed for a right-hemisphere region including primarily insula and dorsal striatum, 
such that the comparison group had more positive connectivity than the PI group. Neither 
group had amygdala-insula-striatum connectivity that significantly differed from 0 
(comparison: T(48) = 1.53, p = 0.13, n = 49; PI: T(43) = -1.90, p = 0.065, n = 44). 
 
BDNF Genotype Effects 
Significant conditional effects of BDNF genotype (Met-carrier or Val/Val) were 
observed for amygdala connectivity with a broad area of ventral prefrontal cortex (vPFC) 
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including ventral medial and lateral PFC, where the Val/Val group had more positive 
connectivity than the Met-carrier group (Figure 11). Post-hoc tests revealed that the 
BDNF Val/Val participants had significantly positive amygdala-vPFC connectivity, 
while the BDNF Met-carrier participants’ connectivity did not significantly differ from 0 
(Val/Val: T(52) = 2.72, p = 0.009, n = 53; Met-carrier: T(39) = -2.0, p = 0.053, n = 40). 
Post-hoc tests revealed that the effect of BDNF genotype was statistically significant only 
in the child subsample, not the adolescent subsample (child sample T(36) = 3.09, p = 
0.004, n = 40; adolescent sample T(49) = 0.282, p = 0.779, n = 53). 
Significant BDNF genotype effects on amygdala connectivity were also observed 
with two regions comprised mainly of left and right hemisphere motor cortex, such that 
the Val/Val group had more positive connectivity than the Met-carrier group. Post-hoc 
tests revealed that Val/Val participants had significantly positive amygdala-left motor 
cortex connectivity (right-motor cortex showed a similar pattern), while Met-carrier 
participants had significantly negative amygdala-bilateral motor cortex connectivity 
(Val/Val left motor: T(52) = 2.26, p = 0.028, n = 53; Val/Val right motor: T(52) = 1.87, p 
= 0.067, n = 53; Met-carrier left motor: T(39) = -2.62, p = 0.012, n = 40; Met-carrier right 
motor: T(39) = -2.34, p = 0.025, n = 40). 
 
Interaction Effects of Deprivation and BDNF Genotype  
A significant interaction between deprivation status and BDNF genotype was 
observed for amygdala connectivity with two core nodes of the default mode network: a 
ventral PFC (medial and extending laterally, vPFC) region and the precuneus (Figure 12). 
Simple effects tests revealed that amygdala-vPFC connectivity was significantly more 
negative in the PI Met-carriers than in the comparison Met-carriers (T(38) = -2.82, p = 
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0.008, n = 39; Figure 12), such that PI Met carriers had significantly negative 
connectivity (T(23) = -2.09, p = 0.048, n = 24) while comparison Met carriers had 
significantly positive connectivity (T(15) = 2.31, p = 0.036, n = 16). In contrast, 
amygdala-vPFC connectivity was significantly more positive in PI Val/Val participants 
than in comparison Val/Val participants (T(51) = 4.64, p > 0.0001, n = 52; Figure 12), 
such that PI Val/Val participants had significantly positive connectivity (T(19) = 4.62, p 
> 0.001, n = 20) while comparison Val/Val participant connectivity did not differ from 0 
(T(32) = -1.79, p = 0.084, n = 33). Post-hoc tests revealed that for each BDNF genotype, 
PI and comparison youth’s connectivity significantly differed in both the child and 
adolescent subsamples (Met carriers: child sample T(17) = 2.74, p = 0.014, n = 21; 
adolescent sample T(15) = 2.79, p = 0.014, n = 19; Val/Val participants: child sample 
T(15) = -2.90, p = 0.011, n = 19; adolescent sample T(30) = -2.26, p = 0.031, n = 34). 
Within the comparison group, there was no significant effect of BDNF genotype on 
connectivity in the child subsample, but a significant BDNF genotype difference in the 
adolescent subsample, such that the comparison Met carriers had significantly more 
positive connectivity (comparison child subsample: T(18) = -0.627, p = 0.539 n = 21; 
adolescent subsample: T(24) = -3.187, p = 0.004, n = 28). Within the PI group, there was 
a significant effect of BDNF genotype on connectivity in the child subsample, such that 
the Val/Val youth had significantly more positive connectivity than the Met carriers, but 
not in the adolescent subsample (PI child subsample: T(15) = 4.0, p = 0.001 n = 19; 
adolescent subsample: T(21) = 1.23, p = 0.23, n = 25). 
The simple effects tests for the amygdala-precuneus functional connection 
revealed that PI Met-carriers had significantly more positive connectivity than the 
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comparison Met-carriers (T(38) = 3.47, p = 0001, n = 39), while PI Val/Val participants 
had significantly more negative connectivity than comparison Val/Val participants (T(51) 
= -2.5, p = 0.016, n = 52). No PI group had connectivity significantly different from 0 (PI 
Met-carriers: T(23) = 1.95, p = 0.063, n = 24; PI Val/Val: T(19) = -1.403, p = 0.18, n = 
20). Comparison Met-carriers had significantly negative connectivity (T(15) = -2.88, p = 
0.011, n = 16), while comparison Val/Val participants had significantly positive 
connectivity (T(32) = 2.25, p = 0.032, n = 33). 
 
Timing and Duration Effects of Deprivation on Amygdala-Cortical Connectivity 
For the amygdala-prefrontal cortex functional connections sensitive to deprivation 
group status (deprivation and deprivationxBDNF effects), further regression analyses in 
solely the PI participants were performed to assess whether the continuous measures of 
timing and duration of deprivation modulated the circuit’s connectivity over and above 
the binary deprivation/no deprivation status. Sample variation both in the age of 
orphanage placement and duration of institutionalization before adoption facilitated 
testing in the same regression model whether the developmental timing of deprivation 
(age at entry to institution) or dose of deprivation (duration of institutionalization) 
predicted amygdala-cortical connectivity, controlling for age at the fMRI scan, and 
whether participants were on psychotropic medication (Figure 7). For both the amygdala-
periACC circuit (deprivation effect) and the amygdala-vPFC circuit (deprivationxBDNF 
effect), developmental timing of deprivation and the dose of deprivation had significant, 
opposing effects on connectivity (amygdala-periACC timing effect: B coefficient 0.203, 
T(35) = 2.24, p = 0.032, n = 40; amygdala-periACC duration effect: B coefficient -0.422, 
T(35) = -3.03, p = 0.005, n = 40; amygdala-vPFC timing effect: B coefficient 0.41, T(34) 
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= 3.68, p = 0.001, n = 39; amygdala-vPFC duration effect: B coefficient -0.50, T(34) = -
2.97, p = 0.006; Figure 13). That is, more delayed entry into institutions predicted more 
positive amygdala-PFC connectivity, while longer durations of institutionalization 
predicted more negative amygdala-PFC connectivity. 
 
Amygdala-Prefrontal Connectivity Associations with Internalizing Behavior 
 To examine whether the differences in amygdala-PFC network connectivity due 
to BDNF genotype and deprivation were associated with behavioral variation in emotion 
regulation, regression analyses tested concurrent relations between connectivity and 
internalizing behavior T scores from the Child Behavior Checklist across all groups. The 
regression model for each amygdala-PFC connection controlled for age, and the BDNF 
conditional effect model additionally controlled for deprivation group status, while the 
deprivation conditional effect model additionally controlled for BDNF group status. The 
interaction effect between deprivation and BDNF was tested in each BDNF genotype 
simple effect group separately. The amygdala-periACC connectivity (deprivation effect) 
and amygdala-vPFC connectivity in Met-carriers (deprivationxBDNF interaction) each 
significantly negatively associated with concurrent internalizing behavior, such that more 
positive amygdala-PFC connectivity was associated with lower internalizing scores 
(amygdala-periACC: B coefficient -6.95, T(83) = -2.38, p = 0.020, n = 87; 
BDNFxdeprivation Met-carrier amygdala-vPFC without medicated: B coefficient -7.09, 
T(30) = -2.84, p = 0.008; n = 33). However, it should be noted that these concurrent 
associations (and only the concurrent associations) were highly influenced by several 
young PI participants (though they did not meet criteria for overly influential data to be 
excluded). Amygdala-vPFC connectivity in the Val/Val participants (deprivationxBDNF 
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interaction) and the amygdala-vPFC connectivity (BDNF effect) did not significantly 
relate to concurrent internalizing behavior (deprivationxBDNF: B coefficient 3.34, T(49) 
= 0.80, p = 0.43, n = 52; BDNF effect: B coefficient -3.70, T(83) = -1.75, p = 0.083, n = 
87). 
 To assess whether amygdala-PFC connectivity shaped future internalizing 
behavior profiles, prospective associations between connectivity and internalizing 
behavior T scores were examined. Regression models tested the relation between 
amygdala-PFC connectivity and internalizing scores measured two years later, over and 
above concurrent internalizing T scores (thereby controlling for any concurrent 
association between connectivity and internalizing behavior), controlling for individuals’ 
exact time difference between brain and behavioral measures, age, and sex (BDNF status 
was additionally controlled for the deprivation main effect circuit; group status was 
additionally controlled for in the BDNF main effect circuit). Amygdala-periACC 
connectivity (deprivation effect), amygdala-vPFC connectivity (BDNF effect), and 
amygdala-vPFC connectivity in Met-carriers (deprivationxBDNF interaction) each 
significantly negatively predicted internalizing scores two years later (over and above the 
concurrent association with internalizing behavior); that is, more positive amygdala-PFC 
connectivity predicted lower internalizing behavior two years later (deprivation effect: B 
coefficient -7.38, T(46) = -2.72, p = 0.009, n = 53, Figure 10; BDNF effect: B coefficient 
-5.31, T(45) = -2.26, p = 0.028, n = 52, Figure 11; deprivationxBDNF effect: B 
coefficient -5.21, T(45) = -2.50, p = 0.016, n = 52, Figure 12). 
 
Amygdala-Prefrontal Connectivity Mediates Effects of Deprivation Timing on 
Internalizing Behavior 
 Lastly, for the PI youth, nonparametric bootstrapped mediation models tested 
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whether there was an effect of the developmental timing of deprivation (age-at-entry to 
institution) or duration of deprivation (duration in institution) on the follow-up 
internalizing behavior T scores through changes in the amygdala-PFC connectivity for 
each amygdala-PFC circuit sensitive to the effect of deprivation (measured two years 
prior to the internalizing scores). Amygdala-vPFC (deprivationxBDNF effect) functional 
connectivity significantly mediated an association between developmental timing of 
deprivation (age-at-entry) and later internalizing behavior, such that later timing of 
deprivation was associated with more positive amygdala-vPFC connectivity and lower 
internalizing behavior years later (indirect effect estimate: -19.6, CIL95 -47.44 – CIU95 -
3.25, n =22; Figure 14). In contrast, there was no significant association between duration 
of deprivation, amygdala-vPFC connectivity, and later internalizing behavior (indirect 
effect estimate: 16.0, CIL95 -7.92 – CIU95 53.94, n =22). No significant mediated effects 
were detected for the amygdala-periACC circuit (all confidence intervals of mediated 
estimates included 0). 
 
Discussion 
Understanding the timing and mechanisms through which the environment shapes 
amygdala-PFC circuitry across development is critical for understanding the variability in 
mature circuitry function and emotion regulation behavior. Here we leveraged both 
variable intrinsic neuroplasticity differences indexed by the BDNF Val66met 
polymorphism as well as variable timing and duration of the potent early experience of 
parental deprivation to examine how these factors shape the developing amygdala-PFC 
functional architecture and associated emotion regulation behavior and produce 
individual differences in these outcomes. We found that the genetically-regulated 
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plasticity and the experience of parental deprivation exerted both independent effects and 
interacted to heavily influence the construction of amygdala-ventral PFC functional 
networks. Moreover, we examined which dimensions of the deprivation experience 
influenced the functional network construction and found that both the duration of the 
deprivation, and especially the developmental timing of the deprivation, differentially 
shaped amygdala-PFC circuitry. Importantly, across all amygdala-PFC circuits, the 
intrinsic plasticity and deprivation environment’s effects on connectivity had 
consequences for behavior, with more positive connectivity predicting lower internalizing 
behavior years later in development. Together, these findings provide insight about how 
intrinsic plasticity and experiential factors contribute to constructing amygdala-PFC 
functional architecture and associated emotion regulation behavior.  
 Critically, we identified an interaction between intrinsic plasticity levels as 
indexed by BDNF genotype and the nature of the early psychosocial environment on an 
amygdala-cortical functional network across development with behavioral consequences. 
Specifically, amygdala functional connectivity differed across BDNF and experience 
groups with ventral PFC (vPFC) and the precuneus, two core nodes of the default mode 
network, in different ways (Buckner & Vincent, 2007; Hamilton et al., 2011; Liddle et 
al., 2011; Thomason et al., 2008). Atypical connectivity between these nodes has 
previously been associated with a range of psychopathology, (Castellanos et al., 2008; 
Schreiner et al., 2013; Sonuga-Barke & Castellanos, 2007; Uddin, Supekar, & Menon, 
2010; Whitfield-Gabrieli & Ford, 2012), although only the amygdala-PFC connection 
was associated with internalizing behavior in the present sample. However, atypical 
precuneus connectivity has been associated with attention regulation difficulties, which 
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have been noted in youth with prior parental deprivation across samples (Bos et al., 2011; 
Humphreys et al., 2015; Zeanah et al., 2009), so it is possible the observed amygdala-
precuneus connectivity differences may relate to deficits in the attention domain in these 
youth instead. At the group level, both BDNF genotypes demonstrated atypical patterns 
of development following deprivation, but the Met carriers exhibited a maladaptive 
profile while the Val/Val youth exhibited a positive adaptation profile. Specifically, the 
youth with prior parental deprivation carrying at least one BDNF Met allele showed 
atypical negative resting-state amygdala-vPFC connectivity that was associated with the 
highest levels of internalizing behavior. This finding is consistent with a rich literature 
linking the BDNF Met allele and adversity to internalizing behavior, and with a 
neuroimaging literature associating negative amygdala-vPFC connectivity with 
internalizing behavior (B J Casey et al., 2009; Champagne, 2010; Drury et al., 2012; Gatt 
et al., 2009; Kim, Gee, et al., 2011; Kim, Loucks, et al., 2011; Montag et al., 2009; 
Soliman et al., 2010). In contrast, youth with prior parental deprivation and the BDNF 
Val/Val genotype exhibited robust positive amygdala-vPFC connectivity in childhood 
and adolescence that was associated with reduced internalizing behavior, suggesting the 
early positive connectivity is an adaptive response to the deprivation. The positive 
connectivity observed in this group resembled the mature amygdala-vPFC connectivity 
phenotype but at a much earlier developmental stage, consistent with an interpretation of 
accelerated development (Roy et al., 2009; Gee et al., 2014). The increased BDNF-
related plasticity levels in these Val/Val youth may facilitate the adaptive acceleration of 
the amygdala-vPFC circuit in response to the deprivation environment that is not 
observed in the Met carrier counterparts with reduced BDNF-related plasticity. A profile 
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of stimulus-elicited connectivity consistent with accelerated development has previously 
been reported in this sample, and the present results suggest this effect may be driven by 
the BDNF Val/Val youth (Gee et al., 2014).  
Amygdala-vPFC connectivity development also differed by BDNF genotype in 
the youth without parental deprivation history. Youth with the Val/Val BDNF genotype 
without parental deprivation did not manifest amygdala-vPFC connectivity significantly 
different from zero, although connectivity significantly increased with age. Their 
connectivity profile is consistent with prior reports showing no amygdala-vPFC 
connectivity in childhood and gradual emergence of connectivity across adolescence into 
young adulthood (Gabard-Durnam et al., 2014; Qin et al, 2012). In contrast, youth 
without parental deprivation carrying the Met allele showed robust positive connectivity, 
driven by the emergence of positive amygdala-vPFC connectivity in early adolescence 
(with connectivity no different from the Val/Val group in childhood). Importantly, the 
absence of resting-state amygdala-PFC connectivity has previously been associated with 
increased sensitivity to prior experience and the two different developmental patterns 
between the BDNF allele groups provide further evidence for the interpretation that a 
lack of connectivity maintained in the resting-state indicates increased plasticity within a 
circuit (Gabard-Durnam, Gee et al., 2016). Here the BDNF Val/Val group with increased 
plasticity levels relative to the Met carriers maintained the immature absence of 
connectivity longer in development than the Met carriers, who demonstrated the mature 
phenotype of positive connectivity earlier in adolescence. It has previously been reported 
in the cognitive domain that youth taking the longest trajectory to the mature neural 
phenotype showed the best performance in young adulthood (Shaw et al., 2006). Thus, 
	
	 75	
although the Met carrier positive connectivity was associated with lower internalizing 
behavior in adolescence and may be protective during this period, it is also possible that 
the abbreviated period of plasticity within the circuitry may confer later risk in maturity 
(B J Casey et al., 2009; M. Sheridan et al., 2010).  
 For the amygdala-vPFC and amygdala-periACC circuits registering differences 
between the parental deprivation and comparison group, further analyses within the 
youths with previous deprivation revealed opposing effects of both the duration of 
deprivation and the developmental timing of the deprivation on amygdala-PFC 
connectivity that together accounted for an impressive one-third to one-half of the 
variance in amygdala-PFC connectivity estimates. That is, longer duration of parental 
deprivation was associated with decreased amygdala-PFC connectivity and increased 
internalizing behavior, while later age at the start of deprivation was associated with 
increased amygdala-PFC connectivity and decreased internalizing behavior. Prior studies 
with populations that have experienced parental deprivation have observed more 
favorable outcomes the earlier that youth were adopted out of institutions (Gunnar et al., 
2012; Julian, 2013; Zeanah et al., 2011). However, low variability in age-at-entry to the 
institutions confounded whether findings were due to shorter duration or because 
adoption occurred within sensitive periods to facilitate recovery. The present findings 
suggest that both components, duration and timing, influence amygdala-PFC network 
development. A particularly robust association between the developmental timing of 
deprivation and developmental outcomes was observed for an amygdala-vPFC circuit, 
such that later age at entry was associated with decreased internalizing behavior through 
effects on amygdala-vPFC connectivity in development. This finding is consistent with 
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those in the nonhuman primate literature that show less detrimental consequences for 
amygdala function the later in development the deprivation occurs (Tottenham & 
Sheridan, 2009). Although it is not possible to detect directional information about 
functional connectivity from the approach used in this study, it is possible that the present 
findings similarly reflect an early amygdala sensitive period or amygdala to PFC 
(bottom-up) connection sensitive period. While no indirect effect of the deprivation 
duration on internalizing behavior through amygdala-PFC connectivity was observed, the 
small sample size precludes the conclusion that there is no such path, only that the 
sensitive period effect indexed by age at entry was more robust in this sample. 
In addition to the interactive effect of BDNF genotype and early experience, a 
main effect of differential functional connectivity between the amygdala and the cortex 
for BDNF Met carrier youth relative to Val/Val youth was also observed. The ventral 
location of the PFC indexing BDNF-allele connectivity differences is spatially consistent 
with prior reports of BDNF-allele driven differences in infralimbic prefrontal cortex 
function in the rodent and with differences in prefrontal cortex volume in the human 
(Pattwell et al., 2012, Gatt et al., 2009). Our finding of BDNF-allele driven differences in 
amygdala-bilateral motor cortex connectivity during development is also consistent with 
prior reports in adults showing BDNF allele-related differential motor cortex functional 
plasticity, with Met carriers showing reduced plasticity (Fritsch et al., 2010; Kleim et al., 
2006).  
Notably, the connectivity differences between BDNF genotypes for the amygdala-
ventral prefrontal circuit were driven by differences in children but not in adolescents. 
Given that BDNF levels in the brain have been shown to increase across development, it 
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is possible that this adolescent BDNF increase in Met carriers, who otherwise have lower 
BDNF levels than Val/Val carriers, facilitates Met carrier amygdala-ventral PFC 
connectivity that is comparable to Val/Val carriers in adolescence (B J Casey et al., 2009; 
Katoh-Semba, Takeuchi, Semba, & Kato, 2002). A recent study by Carlson and 
colleagues in adult humans noted BDNF-allele related differences in uncinate fasciculus 
microstructure connecting the amygdala and PFC, but whether functional connectivity 
differences re-emerge as development wanes to complement the observed structural 
connectivity differences or whether the childhood connectivity differences leave an 
impact on mature amygdala-PFC circuitry function after they have disappeared remain 
open questions (Carlson, Cha, Harmon-Jones, Mujica-Parodi, & Hajcak, 2014). Indeed, 
although BDNF-allele driven functional connectivity differences in hippocampal-cortical 
networks have been observed collapsing across children and adolescents, much further 
work across development, including functional measures of BDNF expression, is needed 
to robustly characterize how BDNF allelic effects are manifest in PFC-subcortical 
functional circuit construction (Thomason et al., 2009; Casey et al., 2009). 
 A main effect of prior parental deprivation status was also observed in a separate 
amygdala-periACC) functional circuit, with youth that had prior parental deprivation 
showing reduced connectivity as a group. The same amygdala-periACC functional circuit 
has previously been shown to manifest altered stimulus-elicited connectivity as a function 
of PI status in this same sample (Gee et al., 2014), and as a function of other early 
adversities (e.g. poverty, trauma, Marusak et al., 2015; Thomason et al., 2015; Herringa 
et al., 2016). This convergent evidence suggests the altered amygdala-periACC 
functional circuit we observed is not a specific effect of the parental deprivation stressor 
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but rather reflects sensitivity in this circuit to early life stressors and adversity more 
generally. Notably, while an absence of connectivity in this circuit during childhood in 
typical development has previously been reported, the lack of connectivity in the PI youth 
as a group instead appeared to be an averaging artifact across individuals with positive 
connectivity and individuals with negative connectivity rather than a lack of connectivity 
consistently across individuals, and so may not reflect increased circuit malleability as 
previously interpreted (Gabard-Durnam et al., 2014; Qin et al., 2012). Longitudinal 
assessment of both stimulus-elicited and resting-state connectivity within this sample 
would facilitate testing if the PI lack of functional connectivity has the same functional 
significance as in typical development.  
Notably, across all amygdala-PFC circuits sensitive to BDNF allelic differences 
in plasticity and the early stressor of parental deprivation, more positive functional 
connectivity was associated with reduced internalizing behavior. Thus, the comparison 
individuals, and PI youth with Val/Val BDNF genotypes demonstrated connectivity 
patterns consistent with lower internalizing behavior. Although associations were 
observed between connectivity and concurrent internalizing behavior, especially robust 
predictive associations were observed between connectivity and internalizing behavior 
two years later in development. The nature of amygdala-PFC resting-state functional 
connectivity has previously been associated with concurrent and even previous anxiety-
related behavior both in development and in maturity (Roy et al. 2013, Etkin et al. 2010). 
Resting-state connectivity more generally has been shown to influence behavior in the 
short term (Albert et al., 2009; Lewis et al., 2009; Tambini et al., 2010; Harmelech et al., 
2013; Mackey et al., 2013, Laureys e al., 2001). These findings demonstrate that the 
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nature of this resting-state connectivity can robustly shape behavior as far out as years 
into the future as well. That is, not only is amygdala-PFC connectivity reflective of 
anxiety-related behavior, but it can give rise to these behavioral profiles during 
development. The findings therefore provide a neural mechanism through which early 
adversity, like parental deprivation, can lead to the increased incidence of internalizing 
behavior and general risk for psychopathy that persist years later in development. In 
addition to recent suggestions by Leuken and colleagues that interventions target ACC 
activity to reduce anxiety behavior in the clinical context, these results suggest targeting 
the functional communication with the amygdala through connectivity would also be a 
productive approach for ameliorating internalizing behavior (Lueken et al., 2016). 
Several limitations to the present study may be addressed with future research. 
First, the study design with early deprivation for this sample is only correlational. 
However, prior studies using random assignment for deprivation status suggest that it is 
the deprivation itself that has a causal influence on observed differences later in 
development, and the present findings that duration and timing of institutional care 
influence neural and behavioral outcomes further argues for deprivation as the causal 
agent (Bos et al., 2011). The correlational nature of the resting-state functional 
connectivity analyses used prevents identification of whether the BDNF allele and early 
deprivation affected the top-down connections or bottom-up connections between the 
amygdala and PFC (or both) that give rise to the connectivity phenotype observed. 
Additionally, although differences in amygdala connectivity were observed based on 
BDNF allelic variation, interactions between BDNF and other plasticity-related genes 
like serotonin transporter allele variation have been shown to interact with adverse 
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experiences to shape internalizing phenotypes (Kaufman et al., 2006) and future gene by 
gene by environment interactions may more richly capture the association between 
BDNF allele variation and internalizing behavior. Furthermore, a robust literature in the 
rodent has shown that early social experiences, including parental deprivation, lead to 
epigenetic modifications of the BDNF gene that affect BDNF levels present in the brain 
and periphery (Branchi et al., 2013; Champagne, 2010; Kundakovic et al., 2015; Roth, 
Lubin, Funk, & Sweatt, 2009). Although the present study did not index circulating levels 
of BDNF or assess epigenetic modifications, these represent critical levels of interaction 
between adversity and plasticity regulation to be pursued in the human in future 
investigations. Lastly, the present amygdala connectivity data were cross-sectional in 
nature, and studies including longitudinal measures of connectivity are necessary to 
confirm the cross-sectional developmental patterns observed across both BDNF 
genotypes and as a function of adversity. 
 Taken together, these findings show how an individual’s genetically-determined 
sensitivity to the environment coupled with the developmental timing and duration of 
experience differentially impact amygdala-PFC functional architecture and subsequent 
emotion regulation behavior years later in development. In particular, an individual’s 
BDNF genotype markedly modulates the response to the early environment, such that 
increased plasticity denoted by the Val/Val allele enables an adaptive positive 
connectivity response to early adversity associated with reduced internalizing symptoms 
later in life, but prolongs the period of uncoordinated amygdala-PFC connectivity in the 
absence of early adversity. Moreover, both the duration and the timing of early adversity 
are important in predicting the detrimental effects on the developing functional networks 
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and emotion regulation behavior. Thus, these findings characterizing the malleability of 
amygdala-PFC functional networks in the presence of early adversity provide insight into 
the detrimental neural and behavioral outcomes of adversity, but also provide the 
constraints for maximizing the benefit of targeted interventions to rectify these detriments 
in the future.  
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Study 3: Childhood is a sensitive period for human medial prefrontal cortex 
regulatory signal learning 
 
























The medial prefrontal cortex (mPFC) is critical to the regulation of affective stimuli, but 
the timing and mechanisms of the human functional ontogeny of this region remain 
largely uncharacterized. Evidence in the rodent suggests that there is a sensitive period 
before puberty, when complex stimuli (e.g., music) can be encoded by the mPFC that 
have anxiolytic effects in adulthood. The present study aimed to examine whether a 
homologous sensitive period for mPFC learning occurs during human childhood. Pop 
music was used as the environmental signal with temporally discrete developmental 
exposure. Two groups of adults, those raised in the USA with varying exposure to pop 
during childhood, and adult immigrants to the USA (no exposure to USA pop during 
childhood), were given a music preference test with childhood and adolescence music 
and a modified Trier stress test. After the stressor, only the childhood-exposed group 
preferred listening to the childhood music, which was accompanied by reduced reported 
anxiety and lowered arousal as measured by galvanic skin responses. The immigrant 
group did not exhibit any anxiolytic effects for either song category. fMRI revealed 
greater mPFC activation to childhood music relative to the adolescent music for the 
childhood-exposed group compared to the immigrant group, and mPFC activity along 
with mPFC-amygdala connectivity was predictive of lower anxiety ratings following 
childhood songs for the exposed group. These behavioral, physiological, and fMRI 
results suggest that a human sensitive period may occur during childhood for mPFC 






Experiences that occur during periods of heightened sensitivity to the 
environment and plasticity in brain development shape neural function and behavior with 
lifelong consequences (Takao K. Hensch, 2005). However, the timing and mechanisms of 
such developmental sensitive periods for prefrontal cortical regions that are critical to a 
range of affective and cognitive processes have yet to be elucidated in the human 
(Delgado, Olsson, & Phelps, 2006; Hartley & Lee, 2015; Milad & Quirk, 2002; Milad et 
al., 2007; Elizabeth A Phelps, Delgado, Nearing, & LeDoux, 2004; Quirk & Beer, 2006; 
Wager et al., 2009). A study in mice by Yang and colleagues identified the juvenile 
period (P15-P25) as a sensitive period for medial prefrontal cortex (mPFC) acoustic 
signal learning with implications for adult affective regulatory behavior (Yang et al., 
2012). Specifically, they found that in a stressor context, adult mice selectively prefer 
music stimuli heard during the juvenile sensitive period, and listening to the juvenile 
music reduced anxiety-like behavior and increased mPFC activity. Importantly, as in the 
mouse, human mPFC can regulate behavior through learned cues, and preliminary 
neuroimaging evidence suggests that the equivalent period of human childhood is a 
unique period of processing environmental stimuli for mPFC functional network 
development ((L. J. Gabard-Durnam et al., 2016; Gee et al., 2014; Pattwell, Lee, & 
Casey, 2013). 
Here, we propose that childhood is a sensitive period for mPFC-mediated learning 
of regulatory signals. The present study translates Yang and colleagues’ rodent music 
paradigm into a human equivalent and tests hypotheses paralleling Yang and colleagues’ 
sensitive period findings. Specifically, we anticipated that within the context of a 
psychosocial stressor, adults with exposure to childhood and adolescent stimuli (exposed 
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adults) would prefer listening to the childhood stimuli relative to adolescent stimuli 
(hypothesis (H) 1). Secondly, we predicted that the exposed adults would show an affect 
regulation benefit from listening to the stimuli learned in childhood but not from the 
stimuli learned in adolescence (H2). We further anticipated that the medial prefrontal 
cortex would selectively respond to the childhood stimuli relative to the adolescent 
stimuli in exposed adults (H3), consistent with a sensitive period for acoustic signal 
learning. Finally, we predicted that the mPFC response to childhood relative to 
adolescent stimuli in exposed adults would facilitate affect regulation benefits (H4). We 
additionally recruited a control group of recent immigrants to the United States with 
minimal exposure to the childhood period stimuli used in the study to demonstrate the 
specificity of the exposed group’s findings. This within-participant and between-
participant design facilitated careful testing of whether childhood is a human mPFC 




Seventy young adults raised in the United States of America (USA) with varying 
levels of exposure to pop music were recruited as an exposed group. A control group of 
38 young adults who had recently immigrated to the USA and had minimal exposure to 
USA pop music during childhood were also recruited as a naïve group. All participants 
were between ages 18-23 years old. Two participants were excluded from the naive group 
using a priori criteria (noncompliant with the task), therefore 36 naïve participants 
contributed data to analyses. Nine exposed group participants were excluded using a 
priori criteria (1 technical failure, 8 participants were noncompliant with the task), 
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therefore 61 participants contributed data to analyses. Of the included participants, 14 
from the exposed group and 15 from the naive group participated in an fMRI session. For 
the MRI visit, all participants had normal or corrected-to-normal vision. Participants were 
excluded from completing the MRI visit if they reported metal implants or any other 
contraindications to MRI. 
 A separate group of 23 participants were recruited to complete a related paradigm 
that included music stimuli from early childhood (4-6 years of age; before the childhood 
period tested with the full sample) as well as the childhood period (6-10 years of age) 
tested in the primary analyses. Two participants were excluded for insufficient exposure 
across the stimulus categories (comparable to immigrant control group). The 21-
participant group consisted of individuals within the same age range as the primary 
sample who reported exposure to the stimuli during all three test periods (the early 
childhood, childhood, and adolescence periods). Nine of these participants had 
experienced parental divorce within the first 7 years of life, and 2 participants had 
experienced parental death within the first 7 years of life as part of an early adversity 
pilot sample. However, since analyses including and excluding the nine early adversity 
pilot participants did not differ, they were included in the reported analyses to increase 
confidence in the estimate and facilitate parametric statistical analyses for the group.  
This study was approved by the Institutional Review Boards of the University of 
California, Los Angeles and the state of California. All participants provided informed 





Participants came to the laboratory for up to two sessions. All participants 
completed the first session, where behavioral measures were collected and participants 
completed a stressor task interleaved with the stimuli from childhood and adolescence. A 
subsample of participants returned for a second pilot fMRI session, where they completed 
a different stressor task administered in the scanner. 
 
Exposure Assessment 
All participants completed a questionnaire to assess their exposure to United 
States pop music generally during childhood and adolescence and their associations with 
the music (2 participants did not report their adolescent music exposure and associations 
on the questionnaire). Additionally, following the stressor task, participants were played 
15 song clips from the task from each condition (childhood and adolescence) and were 
asked to rate how familiar they were with each of the 30 stimuli on a 1-7 point scale (1: 
“never heard it before”, 7: “I can sing all the words”). The average familiarity rating for 
the childhood songs and adolescent songs was calculated for each participant as a 
measure of exposure to the stimuli specifically used in the study. The study-specific 
measure of adolescent stimuli exposure was significantly correlated with reported general 
adolescent exposure (Pearson’s R = 0.340, p = 0.001, n = 95). The study-specific measure 
of childhood exposure was significantly correlated with reported general childhood radio 
exposure in the exposed group (Pearson’s R = 0.518, p = 0.000019, n = 61), although a 
subsample of participants reported high general exposure but low study specific exposure 
due to restricted listening to pop stations that did not play mainstream pop music (e.g. 
RadioDisney). Therefore, the study-specific measure of exposure was used throughout 
analyses to best represent participants’ experience with the specific stimuli set. As 
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expected, the exposed group reported significantly higher study specific childhood 
stimuli exposure than the naïve group (T = -9.467, p = 2.8 x 10-15, n = 97) (Figure 15). 
The exposed group also reported significantly higher study specific adolescent stimuli 
exposure than the naïve group (T = 4.34, p = 0.000062, n = 97; Figure 15). Within each 
exposure group, participants reported significantly higher exposure to the adolescent 
stimuli than to the childhood stimuli (exposed group: T = -14.027, p = 1.335 x 10-20, n = 




Pop music genre songs were selected for the study stimuli due to the transient 
popularity of specific songs in the genre and thus temporally limited radio playtime and 
compact disk sales (childhood stimuli were released before personal devices that 
supported playing older songs intermixed with new songs [e.g. the iPod, smartphones] 
were widely available). The Billboard Hot 100 chart using sales and radio play frequency 
to determine song popularity therefore provided a gross metric for the timing of each 
song’s peak public consumption. For the purposes of this study, songs were excluded if 
they achieved significant global popularity, especially with non-English speaking 
countries (where participants in the naïve group largely resided). Thirty-six songs from 
2001 were selected to be the childhood stimuli in the study and 36 songs spanning 2010 
to 2012 were selected to be the adolescent stimuli (all songs were purchased through the 
iTunes music store). Songs were selected to match pop subgenres between the childhood 
and adolescent stimuli sets, and the stimuli sets did not significantly differ in the 
proportion of major relative to minor key signatures (p = 0.562, n = 72), tempo (beats per 
minute) (p = 0.522), the proportion of female relative to male vocalists (p = 0.622), the 
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proportion of solo relative to group vocals for song verses (p = 0.0626), the number of 
weeks songs spent on the Billboard Hot 100 chart (p = 0.140), or the peak position songs 
achieved on the Hot 100 chart (p = 0.839). There were significantly more group vocals 
for song refrains in the childhood stimuli set than the adolescent stimuli set (p = 0.029). 
A 25 second clip was generated for each song using Audacity software 
(http://www.audacityteam.org, version 2.0.3.0) to be used as the stimulus presented in the 
behavioral paradigm, and 16 second and 18 second clips were generated for the fMRI 
paradigm. For the fMRI paradigm where songs were presented without participant 
control, a 3-second fade-in was edited into each song clip to avoid startling participants. 
 
Behavioral Paradigm 
The stressor task was presented to all participants using E-Prime (version 2.0) 
software on a computer in a quiet room, and music was played through headphones that 
each participant wore for the duration of the task. Childhood and adolescent song stimuli 
were presented to participants through two labeled “radio stations”, one of which played 
only childhood song stimuli (when participants were ages 6-10) and the other of which 
played only adolescent song stimuli (when participants were 15-19 years old) throughout 
the stressor task. The station identity was counterbalanced across participants for playing 
childhood or adolescent stimuli. Participants were told that both stations played pop 
music. Both radio stations were presented on a choice screen, and participants could 
select either radio station through keypad response. After selecting a station, the station 
icon would fill the screen for the duration of a single stimulus (Figure 16b), and then 
return to the two-radio station choice screen. That is, participants had to make a station 
choice after every stimulus. Participants were also free to return to the choice screen at 
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any time during a stimulus through keypad response. Participants were not given any 
information about what specific song stimulus would play either before they selected a 
radio station or for the duration of the stimulus’ playtime on the selected station. Each 
station cycled through each stimulus once with random selection from the stimuli list 
(random selection without replacement). If all stimuli had been selected once, the station 
began another round of random selection without replacement from the full stimuli list. 
During the stressor task, participants were first presented with each radio station 
sequentially, and for each station, six 10-second song clips from that station’s stimuli set 
were played to familiarize the participant with the station. Participants were then 
presented with the radio station choice screen and asked to choose music to listen to for 
five minutes as a pre-stressor baseline stimuli preference assessment. Following the 
preference assessment, participants were asked to report how much they felt calm using a 
1-7 point scale (1 not calm at all; 7 very calm). Participants then underwent the first 
round of a modified trier social stress test, consisting of math problem solving while the 
experimenter watched over their shoulder and took notes on their performance (each 
round lasted approximately 2.75 minutes). All problems were modeled after secondary 
school standardized test problems, and problems automatically progressed from one to 
the next after unspecified amounts of time for completion, but were timed so that it was 
very challenging to answer many problems within the allotted time. Points were deducted 
if participants did not answer a problem in time before the next problem appeared, or 
answered a problem incorrectly, accompanied by an aversive buzzer sound. Participants 
were also told their scores on the math test would be compared with peers’ performance. 
After the math round, they were again asked to self-report on how calm they felt, and 
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they were then given a five minute preference assessment with the radio station choice 
screen, during which they could freely listen to either childhood or adolescent stimuli. 
Following the preference assessment, participants were asked to self-report on how calm 
they felt again. The sequence of math stressor, reporting, preference assessment, 
reporting was repeated for a total of three rounds. Lastly, after the final preference test, 
participants were given a surprise memory test for song clips to ensure they had been 
paying attention to the music during the study. For a random sample of 15 stimuli from 
each stimulus category, they were asked to state whether or not they had heard the 
stimulus during the study. Participants also rated each of the 30 stimuli on how familiar 
they were with the song on a 1-7 point scale. The paradigm timeline is summarized in 
Figure 16A. The secondary sample of participants underwent an extended version of the 
stressor task to include rounds with the choice between early childhood stimuli versus 
adolescent stimuli, or the choice between childhood stimuli versus adolescent stimuli. 
Each preference assessment was abbreviated to three minutes and participants completed 
four total stressor rounds (two for each choice combination). 
 
Galvanic skin conductance signal acquisition: Behavioral session 
Tonic galvanic skin conductance signal was collected using two disposable 
isotonic electrodes attached to the inner arch and the sole of the hallux on participants’ 
right foot (to leave their hands free to perform tasks) prior to starting the stressor task. 
The galvanic skin conductance signal was recorded with 1 KHz sampling rate and 
amplified using a Biopac MP150 system and AcqKnowledge 4.1 software (Biopac, 
Goleta, CA).  
     
Galvanic skin conductance signal processing 
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Galvanic skin conductance signal was successfully acquired for 52 of the 61 
exposed group participants. For each participant, galvanic skin conductance signal was 
processed offline with Acknowledge Software (version 4.1). The signal was filtered with 
a digital low-pass 1Hz filter with Blackman windowing optimized for the 2000Hz 
sampling rate and 1Hz cutoff and smoothed over 200 samples to remove physiological 
and motion-related artifact (informal communication with Biopac Systems). The filtered, 
smoothed signal was then manually inspected for remaining artifact and any 
contaminated stimulus response segments as well as the flagged artifact segments 
recorded during signal acquisition were removed from further analysis. Using the 
processed conductance signal, the signal’s slope was calculated for the duration of each 
stressor round and each song stimulus during the post-stress preference assessments. 
Given that participants were not given advance information about what specific stimulus 
would play when they selected a radio station, slope values for songs with fewer than 6 
seconds of listening time were discarded to isolate only songs participants let play 
beyond the first few seconds of stimulus recognition and/or evaluation (all 52 participants 
contributed data after meeting this criterion).  All participants with a minimum of 3 trials 
each for childhood and adolescent stimuli were included in analyses to ensure sufficient 
sampling of GSC slope values for each participant (51 participants contributed data to 
analyses meeting this criteria). The average slope for all remaining trials for each post-
stressor preference assessment was calculated for childhood and adolescence songs 
separately and then averaged across post-stress preference assessments, resulting in one 
post-stressor preference assessment slope value each for the childhood song and 
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adolescence song stimulus categories for each participant. Slope values were averaged 
across stressor rounds, resulting in one stressor slope value for each participant. 
 
fMRI paradigm 
 The stimuli sets used in the fMRI paradigm were unique to each participant. In 
addition to matching the childhood and adolescent stimuli on the variables used in the 
behavioral session, participants’ familiarity ratings of specific stimuli from the behavioral 
session were used to generate stimuli sets where childhood and adolescent stimuli pairs 
were matched for previous exposure for each exposed group participant. For the naïve 
group participants, adolescent stimuli were selected within the same range of previous 
exposure as the exposed group, and any childhood stimuli the participant reported good 
familiarity with from childhood were excluded from the stimuli set.  
 Participants were presented with song stimuli through MRI-safe noise-reducing 
headphones in the scanner. Participants registered all responses using a 4-button MRI-
compatible response box. A baseline run was first completed during which 18-second 
clips of childhood and adolescent stimuli were presented (4 clips for each condition). 
Following each stimulus, participants were given a 2 second window to rate with a 
response box how much negative arousal they felt using a 4-point thermometer scale 
(from calm to a lot of negative arousal). Participants then underwent two runs of an fMRI 
stressor task interleaved with the stimuli from childhood and adolescence (as in the 
behavioral session). The stressor task consisted of a 46-second block of a series of timed 
mental math problems, followed by a 16-second block during which either a childhood or 
adolescent stimulus was presented accompanied by a white fixation cross on a black 
screen. Participants were asked to rate negative arousal on the thermometer in 2-second 
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windows following the math block and the music block (i.e. math, rate, music, rate). This 
sequence was repeated for a total of 5 paired math and music blocks per run (10 blocks 
total). During the mental math blocks, participants were given a series of problems that 
were timed to move from one to the next quickly with unspecified time limits for solving 
each problem. Participants were also presented with two progress bars at the bottom of 
the screen, one of which they were told tracked a measure of their own speed and 
accuracy, the other of which represented the average performance for a peer group. The 
bars were presented so that the participant often appeared to be performing more poorly 
than the peer group average as an additional stressor. The fMRI paradigm is summarized 
in Figure 17. 
 
fMRI acquisition 
All participants were scanned with a Siemens Trio 3.0-Tesla MRI scanner using a 
standard 12-channel radiofrequency head coil. Two functional scans of T2*-weighted 
echoplanar images (interleaved) were collected at an oblique angle of ~15° to 30° 
(selected per participant to minimize signal drop-out for their scans) (186 volumes/run; 
TR, 2000 ms; TE, 30 ms; flip angle, 75°; matrix size, 64 × 64; field of view (FOV), 192 
mm; 34 slices; 4 mm slice thickness; skip 0 mm; 1420Hz bandwidth; 5 song blocks per 
run alternating between song conditions throughout, condition order counterbalanced 
across participants in each group separately). A whole brain, high resolution, T1-
weighted anatomical scan (MP-RAGE; 256 × 256 in-plane resolution, 250 mm FOV; 
176 mm × 1 mm sagittal slices oversampled by 18.2%; 200Hz bandwidth) was acquired 
for each participant for registration and localization of functional data to Talairach space 




fMRI Data processing  
The functional imaging data were preprocessed and analyzed with the Analysis of 
Functional NeuroImages (AFNI) software package (R. W. Cox, 1996). For each 
participant’s images, preprocessing included discarding the first 4 functional volumes to 
allow for BOLD signal stabilization, correction for slice acquisition dependent time shifts 
per volume, rigid body translation and rotation from each volume to the first volume to 
generate 6 within-subject regressors, generating registration parameters to the 
participant’s anatomical scan, and spatial smoothing. Data were smoothed to an 8mm 
isotropic full-width half maximum smoothness using 3dBlurToFWHM (i.e., various 
smoothing kernels were used across participants to achieve the same final smoothness of 
8mm) to achieve equivalent effective spatial smoothness and reduce differences in 
smoothness across participants due to different levels of motion artifact (Scheinhost et al 
2014). To allow for comparisons across individuals, timecourses were then normalized to 
percent signal change, functional data were registered to the anatomical scan using the 
parameters prior to smoothing, and the anatomical and functional scans were transformed 
to the standard coordinate space of Talairach and Tournoux (Talairach & Tournoux, 
1988) with align_epi_anat.py. Transformations on the functional scans (to the 
participant’s anatomical scan and to the standard Talairach and Tournoux template space) 
were combined into a single transformation within align_epi_anat.py to minimize the 
amount of interpolation applied to the functional data. Talairach-transformed images had 
a resampled resolution of 3mm3. Functional runs were concatenated before creating 






Consistent with recent recommendations, a strict motion-censoring limit was 
applied so that any timepoint and the immediately preceding timepoint were both 
censored if the Euclidean norm of the scan-to-scan motion parameters across the 6 rigid-
body parameters exceeded 0.25 mm/degrees (Siegel et al., 2014; Power et al. 2015). One 
participant in the exposed group was excluded from further analysis for excessive motion 
(participant’s Euclidean norm of scan-to-scan motion before censoring 
>0.50mm/degrees; this participant’s data do not appear in the demographics or sample 
size reported for the fMRI session). At the within-subject level of analysis, 6 rigid body 
motion regressors and the 6 backwards temporal derivatives of those regressors were 
included in all regressions to correct for head motion artifacts (Van Dijk et al., 2010; Yan 
et al., 2013).  
 
Stimulus-Elicited Reactivity Analysis 
A GLM analysis was performed in AFNI for each participant using 
3dDeconvolve to assess stimulus-elicited activity changes across the whole brain. In 
addition to regressors for each stimulus type (stressor task, self-report of emotion, 
childhood song, adolescence song), timecourses for 12 motion regressors (6 rigid-body 
regressors and their 6 backwards temporal derivatives) and timecourses from eroded 
ventricle, eroded white matter masks, and whole-brain (global signal) masks were 
included as physiological nuisance covariates. The GLM analyses fit the percentage 
signal change time series to each regressor, and linear, quadratic, and cubic trends were 
modeled for the time series of each voxel to control for correlated drift.  
 
Stimulus-Elicited Connectivity Analysis 
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Generalized psychophysiological interaction (gPPI) analysis was conducted to 
assess stimulus-dependent medial prefrontal cortex (mPFC) connectivity changes across 
the whole brain in each participant (Friston et al., 1997). Main effects of the 
psychological (stimuli) regressors and physiological (the mPFC stimulus-elicited activity 
timecourse) regressor were controlled for through inclusion in this gPPI analysis to avoid 
overly influencing connectivity values. Four psychological (stimuli) regressors modeled 
whether a given block consisted of the stressor task, self-report of emotion, childhood 
song, adolescence song, or fixation. The physiological (seed region time series) regressor 
was the time series for the mPFC seed region after regressing out fixation and drift (by 
modeling linear and quadratic trends for the timeseries). Four interaction regressors 
modeled the interaction of the psychological regressors and the physiological regressor, 
such that each interaction regressor identified regions whose time series correlated in a 
stimulus-dependent manner with the mPFC time series. The gPPI GLM analysis was 
performed in AFNI using 3dDeconvolve for each participant with regressors for stimuli, 
mPFC seed region timecourse, interactions of each stimulus and seed timecourse, 
timecourses for eroded ventricle and eroded white matter masks and whole-brain masks 
as physiological nuisance covariates, and 12 motion regressors (6 rigid-body regressors 
and their 6 backwards temporal derivatives). The GLM analyses fit the percentage signal 
change time series to each regressor, and linear, quadratic, and cubic trends were 
modeled for the time series of each voxel to control for correlated drift. A general linear 
test was calculated within the GLM for a second-order contrast of mPFC x childhood 
stimuli relative to mPFC x adolescent stimuli conditions to compare how mPFC 
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connectivity modulated by childhood stimuli differed from mPFC connectivity 
modulated by adolescent stimuli.  
 
Behavioral Statistical Analyses  
For all preference assessments in the stressor task, the percent of time the 
participant spent listening to stimuli on the childhood station relative to the adolescent 
station was used as the measure of preference for childhood stimuli in the study. To 
compute preference for childhood stimuli following the stressor, the mean percent time 
spent with childhood stimuli was taken across the three post-stressor preference 
assessments. The exposed group included participants with a wide range of childhood 
stimuli exposure, and to test how varying exposure within this group related to stimuli 
preference, the group was median-split on the exposure scale into a low-exposure 
subgroup (exposure scores 1-3.49, n = 22) and a higher-exposure subgroup (scores 3.5 -7, 
n = 39) for a repeated measures ANCOVA test against the naïve group. Repeated 
measures ANCOVA was conducted on the percent of time spent with the childhood 
stimuli in the pre-stressor baseline and post-stressor assessment period (within-participant 
factor) across the naïve, low-exposure subgroup, and higher-exposure subgroup of the 
exposed group (between-participant factor). The ANCOVA controlled for individual 
differences in exposure to the adolescent stimuli (between-participant covariate). Post-
hoc simple effect tests used the Bonferroni correction for multiple comparisons so the 
family-wise error rate was less than 0.05.  
To examine group differences in reported affect following the preference 
assessments, the change in reported calmness was first calculated (average report post-
stressor post-preference assessments – post-stressor pre-preference assessment report). 
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Linear regression was performed with group (entire exposed group or naïve group) 
predicting the calmness change score, with each participant’s adolescent exposure score 
and post-stressor pre-preference assessment report included as covariates.  
Nonparametric empirical bootstrapping mediation (10,000 iterations) with bias-
corrected confidence intervals was then performed using the PROCESS macro in SPSS 
(version 23) as a robust approach for smaller sample sizes to test the mediated (indirect) 
effect of the percent time spent with childhood stimuli post-stressor on the relation 
between group (exposed or naïve) and the calmness change score, with adolescent 
exposure and post-stressor pre-preference assessment report included as covariates 
(Preacher & Hayes, 2004). A second mediation was performed with PROCESS within 
the exposed group participants only, testing the mediated effect of percent time spent 
with childhood stimuli post-stressor on the relation between childhood stimuli exposure 
score (continuous measure), and the calmness change score, controlling for the same 
covariates. 
 
Physiological Statistical Analyses 
 Repeated measures ANCOVA was conducted with childhood and adolescent 
exposure scores (between-participant continuous measure factors) predicting the mean 
post-stressor galvanic skin conductance (GSC) slope for childhood stimuli and adolescent 
stimuli (within-participant factors), controlling for participant differences in GSC slope 
during the stressor (between-participant covariate). Post-hoc simple effect tests used the 
Bonferroni correction for multiple comparisons so the family-wise error rate was less 
than 0.05. Simple effects of GSC slopes for childhood and adolescent stimuli were 
evaluated at childhood and adolescent exposure scores equal to 2 (low exposure), 4 
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(medium exposure; the scales’ median value), and 6 (high exposure), scores that were 
within the range of the group’s actual exposure scores.  
Post-stressor GSC slopes for childhood and adolescent stimuli were then entered 
into linear regression with the post-stressor pre-preference assessment calmness report 
(covariate of no interest) to predict the calmness change score. As the adolescent GSC 
slope was not significantly related to the calmness change score in that model, it was 
removed and the linear regression was re-run to isolate the effect of the childhood GSC 
slope on the calmness change score and for visualization purposes. 
 
fMRI Reactivity Statistical Analyses 
Individual-level regression coefficients for reactivity differences post-stressor 
during childhood stimuli compared with adolescent stimuli (Childhood stimuli – 
Adolescent stimuli [CS – AS] contrast) were submitted to the group level and tested for 
group differences in the CS – AS contrast (exposed group CS – AS – naïve group CS – 
AS), controlling for differences in participants’ adolescent stimuli exposure scores in a 
whole-brain voxelwise ANCOVA with AFNI’s 3dTtest++ program. Uncorrected voxel 
significance thresholding was set to p < 0.005. AFNI’s 3dFWHMx and 3dClustSim 
programs were used to correct for multiple comparisons to achieve a family-wise error 
rate of alpha < 0.01. AFNI’s 3dFWHMx program was run for each participant to estimate 
the individual-level regression’s residual smoothness in the x, y, and z directions, and 
participant estimates were averaged together in each direction (mean smoothness across 
participants in each direction: x = 7.39mm, y = 7.37mm, z = 7.45mm). The residual 
smoothness estimates were then submitted to AFNI’s 3dClustSim for 10,000 Monte 
Carlo simulations. The critical cluster threshold to achieve a family-wise error rate of 
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alpha < 0.01 was set to 45 voxels as determined by the 3dClustSim simulations. 
Parameter estimates for clusters surviving thresholding were extracted for the Childhood 
stimuli (relative to baseline, CS - baseline) condition and the adolescent stimuli (relative 
to baseline, AS - baseline) condition and residualized for differences in adolescent stimuli 
exposure (residuals from regression of adolescent exposure score on parameter 
estimates). Post-hoc Student’s T tests within each exposure group separately were 
conducted on each condition’s residualized reactivity (relative to baseline) and compared 
to 0. Post-hoc repeated measures ANCOVA were conducted within each group separately 
on CS - baseline and AS –baseline reactivity (within-participant factor), controlling for 
adolescent exposure scores (between-participant covariate) to test whether conditions 
significantly differed in reactivity within each group. Linear regressions with CS – 
baseline reactivity predicting reports of childhood stimuli exposure in adolescence and 
current liking for childhood stimuli were conducted to test potential confounding effects. 
Reactivity parameter estimates for the CS – baseline and AS – baseline conditions 
were also extracted for several anatomically-defined a priori regions of interest, 
consisting of bilateral amygdala (defined with the Talairach Daemon atlas included in 
AFNI), bilateral hippocampus (defined with the Talairach Daemon atlas included in 
AFNI), bilateral ventral striatum (defined with the Oxford-GSK-Imanova structural 
striatal atlas (Tziortzi et al., 2011) included in FSL (FMRIB, Oxford, UK), and bilateral 
auditory cortex (defined as Heschel’s gyrus and including regions TE 1.0, TE 1.1, TE 1.2 
with the Juelich histological atlas included in FSL, (Morosan et al., 2001). Repeated 
measures ANCOVA was conducted for each a priori region on CS – baseline and AS – 
baseline reactivity (within-participant factor) as a function of group (exposed or naïve, 
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between-participant factor), controlling for adolescent exposure scores (between-
participant covariate). 
 To examine how the whole-brain thresholded regions differentially related to 
behavior, repeated measures ANCOVA and post-hoc simple effects’ tests were 
conducted on the regions’ reactivity in the CS – baseline condition (within-participant 
factor) and reported negative arousal following post-stressor childhood stimuli (between-
participant continuous factor), controlling for negative arousal reported following pre-
stressor childhood stimuli (baseline arousal level). To examine how the whole-brain 
thresholded regions differentially related to participants’ preference for one stimulus 
condition relative to the other (indexed by their choice behavior during the behavioral 
session), repeated measures ANCOVA and post-hoc simple effects’ tests were also 
conducted on the regions’ reactivity for the CS –AS contrast (within-participant factor) 
and percent time spent with childhood stimuli relative to adolescent stimuli post-stressor 
during the behavioral stressor task (between-participant continuous factor). 
 
fMRI Connectivity Statistical Analyses 
Individual-level gPPI regression coefficients for the second-order contrast of 
mPFC x childhood stimuli compared to mPFC x adolescent stimuli (mPFCxCS – 
mPFCxAS contrast) were submitted to a group-level whole-brain voxelwise ANCOVA 
with AFNI’s 3dTtest++ program testing differences between exposure groups (exposed 
group [mPFCxCS – mPFCxAS] – naïve group [mPFCxCS – mPFCxAS]) and controlling 
for differences in participants’ adolescent stimuli exposure scores. Uncorrected voxel 
significance thresholding was set to p < 0.02 (a more lenient threshold was used given 
gPPI’s higher rate of false negatives, O’Reilly et al., 2012). AFNI’s 3dFWHMx and 
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3dClustSim programs were used to correct for multiple comparisons to achieve a family-
wise error rate of alpha < 0.05. The mean residual smoothness across participants in each 
direction for the supragenual-anterior cingulate seeded gPPI was x = 7.4mm, y = 
7.38mm, z = 7.44mm, yielding a critical cluster threshold of 75 voxels as determined by 
the 3dClustSim simulations. The mean residual smoothness across participants in each 
direction for the subgenual-anterior cingulate seeded gPPI was x = 7.4mm, y = 7.4mm, z 
= 7.45mm, yielding a critical cluster threshold of 76 voxels as determined by the 
3dClustSim simulations. Parameter estimates for clusters surviving thresholding were 
extracted for the mPFCxCS condition and the mPFCxAS condition and residualized for 
differences in adolescent stimuli exposure (residuals from regression of adolescent 
exposure score on parameter estimates). Post-hoc Student’s T tests within each exposure 
group separately were conducted on each condition’s residualized connectivity (relative 
to baseline) and compared to 0. Post-hoc repeated measures ANCOVA were conducted 
within each group separately on the connectivity conditions (within-participant factor), 
controlling for adolescent exposure scores (between-participant covariate) to test whether 
conditions significantly differed in connectivity within each group. Linear regressions 
tested associations between connectivity conditions and reported post-stressor post-
stimulus negative arousal and reported positive associations with the stimuli during 
development. 
Connectivity parameter estimates for the mPFCxCS condition and mPFCxAS 
condition were also extracted for the anatomically-defined a priori amygdala, ventral 
striatum, hippocampus, and auditory cortex regions of interest. Repeated measures 
ANCOVA was conducted for each a priori region on the connectivity conditions (within-
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participant factor) as a function of group (exposed or naïve, between-participant factor), 
controlling for adolescent exposure scores (between-participant covariate). Linear 
regressions tested associations between the mPFCxCS – mPFCxAS contrast parameter 
estimates and reported post-stressor post-childhood stimulus negative arousal, controlling 
for pre-stressor reported negative arousal (baseline arousal level). Nonparametric 
empirical bootstrapping mediation (10,000 iterations) with bias-corrected confidence 
intervals was performed to test the mediated (indirect) effect of mPFC-amygdala 
connectivity in the childhood condition relative to the adolescent condition (CS – AS) on 
the association between mPFC reactivity in the childhood condition relative to the 
adolescent condition (CS – AS) and reported negative arousal following post-stressor 




H1: Adults show behavioral preference for childhood stimuli post-stressor 
 We first tested whether the childhood-stimuli exposed and naïve participants 
differed in their preference for listening to childhood stimuli following the stressor (post-
stressor), relative to before the stressor (pre-stressor). The exposed group’s low- and 
higher-exposure subgroups were compared with the naïve immigrant group, controlling 
for individual differences in adolescent stimuli exposure across participants. Percent time 
spent with childhood stimuli (preference measure) significantly differed across the three 
groups (naïve, low- and higher-exposed) as a function of stress condition (pre- vs. post-
stressor) (F(2, 91) = 6.81, p = 0.002, n = 95; Figure 18A). Post-hoc tests revealed that the 
higher-exposure subgroup significantly increased the percent of time spent with 
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childhood stimuli (p = 0.007, CIL95 2.3% – CIU95 14.2%), switching from no significant 
preference for either childhood or adolescent stimuli prior to the stressor (mean 50.1% 
time with childhood stimuli, CIL95 43.3% - CIU95 56.9%) to a significant preference for 
childhood stimuli following the stressor (mean 58.4%, CIL95 51.5% - CIU95 65.3%). In 
contrast, both the low-exposure and naïve groups maintained a significant preference for 
the adolescent stimuli pre- and post-stressor (low exposure group % time with childhood 
stimuli: pre-stressor mean 31.4%, CIL95 23.0% - CIU95 39.7%, post-stressor mean 37.2%, 
CIL95 28.7% - CIU95 45.6%, no significant change pre- to post-stressor p = 0.118, CIL95 -
1.5% - CIU95 13.0%; naïve groups % time with childhood stimuli: pre-stressor mean 
31.8%, CIL95 24.9% - CIU95 38.9%, post-stressor mean 24.1%, CIL95 17.0% - CIU95 31.3%, 
significant decrease pre- to post-stressor p = 0.016, CIL95 -13.9% - CIU95 -1.5%). That is, 
only the childhood stimuli exposed adults preferred childhood stimuli following the 
stressor, consistent with the first hypothesis. 
 In the secondary group of adults exposed to the early childhood (preschool), 
childhood, and adolescent stimuli, we tested whether they preferred preschool stimuli 
following the stressor, relative to the adolescent stimuli, and whether their relative 
preference for preschool stimuli differed from their relative preference for childhood 
stimuli (where the childhood stimuli were compared to the adolescent stimuli). Student’s 
T tests revealed that following the stressor, participants significantly preferred adolescent 
stimuli to the preschool stimuli (% time with preschool stimuli: mean 38.2%, CIL95 
31.5% - CIU95 48.4%; Figure 18B). Additionally, participants had a significant relative 
preference for childhood stimuli compared to the preschool stimuli (T(19) = 2.54 p = 
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0.01, n = 21). That is, compared to both the early childhood stimuli and adolescent 
stimuli, exposed adults preferred the childhood stimuli in each case.  
 
H2: Adults show regulation benefit from childhood stimuli (self report measures)  
 
 We next tested whether the childhood-stimuli exposed group and naïve group 
reported different levels of affect regulation following the post-stressor preference 
assessment. The exposed group reported a significantly greater increase in how calm they 
felt compared to the naïve group (b coefficient = .446, T = 2.13, p = 0.036, n = 93, Figure 
19A), controlling for differences in individuals’ reported calmness pre-preference 
assessment and adolescent stimuli exposure. This difference in self-reported regulation 
was related to the groups’ different post-stressor stimuli preferences, such that the percent 
of time spent with childhood stimuli was significantly positively associated with 
increases in reported calmness (b coefficient .941, T = 2.421, p = 0.018, n = 93; Figure 
19B) (controlling for the same covariates as before). Bootstrapped mediation explicitly 
tested whether the groups’ difference in reported regulation was a function of their 
different stimuli preferences. The percent of time spent with childhood stimuli 
significantly mediated the association between group (exposed or naïve) and reported 
change in calmness (controlling for the same covariates in the mediation model) (indirect 
effect estimate: 0.177 (SE 0.10), CIL95 0.006 – CIU95 0.407, n = 93; Figure 20A). 
Similarly, within only the exposed group, the percent of time spent with childhood 
stimuli significantly mediated the association between degree of exposure to childhood 
stimuli (continuous measure) and the reported change in calmness (controlling for the 
same covariates) (indirect effect estimate: 0.193 (SE 0.10), CIL95 0.034 – CIU95 0.447, n = 




H2 within exposed group: Childhood but not adolescent stimuli exposure modulates 
physiological regulation  
 
 Within the childhood stimuli exposed group, we then explicitly tested whether 
childhood stimuli, compared to adolescent stimuli, conferred different regulation effects 
at the physiological level and whether these effects were dependent on the degree of 
exposure to the stimuli. Post-stressor physiological regulation was indexed by tonic 
galvanic skin conductance (GSC) slope during each stimulus, with negative slope values 
indicating regulation effects (decreasing arousal). Consistent with the hypothesis, the 
degree of exposure to childhood stimuli significantly differentially predicted post-stressor 
GSC slope for childhood compared to adolescent stimuli (stimuli x childhood exposure 
effect F(1, 43) = 5.849, p = 0.02, n = 47; Figure 21A), controlling for individuals’ GSC 
slopes during the stressor. There was no significant stimuli x adolescent exposure effect 
(F(1, 43) = 0.435, p = 0.513, n = 47), or significant main effect of adolescent exposure (F(1, 
43) = 0.010, p = 0.921, n = 47). Post-hoc tests revealed that childhood stimuli GSC slopes 
were regulatory (significantly negative slopes) for individuals above the lowest levels of 
exposure (high exposure mean estimate = -0.009, CIL95 -0.013 – CIU95 -0.005; medium 
exposure mean estimate = -0.006, CIL95 -0.011 – CIU95 -0.002; low exposure mean 
estimate = -0.004, CIL95 -0.011 – CIU95 0.004). In high-exposure individuals, childhood 
stimuli GSC slope was also significantly more negative than adolescent stimuli GSC 
slope (p = 0.016, n = 47). In contrast, adolescent stimuli GSC slopes were not 
significantly regulatory at any exposure level (high exposure mean estimate = -0.002, 
CIL95 -0.006 – CIU95 0.002; medium exposure mean estimate = -0.004, CIL95 -0.008 – 
CIU95 0.001; low exposure mean estimate = -0.005, CIL95 -0.012 – CIU95 0.002). The 
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degree of physiological regulation during childhood stimuli was also significantly 
associated with self-reported affect regulation, as more negative GSC slope during 
childhood stimuli related to subsequent increases in reported calmness (beta coefficient = 
-39.72, T = -2.224, p = 0.031, n = 50; Figure 21B), controlling for differences in 
individuals’ reported calmness pre-preference assessment. The association between 
childhood stimuli’s GSC slope and change in calmness remained significant (beta 
coefficient = -38.95, T = -2.168, p = 0.035, n = 50) after including adolescent stimuli 
GSC slope in the model (adolescent stimuli did not significantly predict change in 
calmness, beta coefficient = -11.02, T = -0.784, p = 0.437, n = 50). 
 
H3: Adult medial prefrontal cortex registers childhood exposure to stimuli 
 
 A voxelwise ANCOVA tested whether any brain region’s blood oxygenation 
level-dependent (BOLD) reactivity signal discriminated the childhood stimuli from 
adolescent stimuli (CS – AS) differently between the exposure groups (exposed group 
[CS – AS] - naïve group [CS – AS]), controlling for differences in individuals’ 
adolescent stimuli exposure. A significant group difference in CS –AS reactivity was 
observed in only two distinct regions, comprised of a supragenual anterior cingulate 
cortex region (supraACC) (center of mass: x = 3, y = 32, z = 21, cluster extent = 52 
voxels; Figure 22A) and a subgenual anterior cingulate cortex region (subACC) (center 
of mass: x = 3, y = 36, z = 0, cluster extent = 47 voxels) (voxelwise uncorrected p < 
0.005, FWE alpha < 0.01, critical cluster size 45 voxels; Figure 25A). Reactivity 
differences between childhood and adolescent stimuli conditions were also tested for 




SupraACC Region: Childhood Specific Response 
 
 Post-hoc tests within each exposure group separately showed that supraACC 
reactivity only significantly differed from 0 for the exposed group during the childhood 
stimuli (CS) condition (mean exposed group CS-baseline reactivity = 0.122, CIL95 0.0259 
– CIU95 0.218, T = 2.767, p = 0.017, n = 13; mean exposed group AS-baseline reactivity 
and naïve group CS and AS-baseline reactivity = all p > 0.1; Figure 22A). SupraACC 
reactivity to the childhood stimuli significantly differed from the adolescent stimuli in the 
exposed group, but not in the naïve group (exposed group: F (1, 11) = 12.879, p = 0.004, 
n = 13; naïve group: F(1, 13) = 0.683, p = 0.424, n = 15). SupraACC reactivity to 
childhood stimuli was not significantly related to either reported exposure to childhood 
stimuli during adolescence (b coefficient = 1.071, T = 0.754, p = 0.459, n = 24) or 
reported liking of childhood stimuli in adolescence (b coefficient = 1.612, T = 1.221, p = 
0.236, n = 23). That is, the supraACC reactivity selectively discriminated stimuli 
experienced during childhood, regardless of later exposure or reported preference. 
 
SubACC Region: Relative Preference/Hedonic Value 
 
 In contrast to the supraACC region, post-hoc tests on subACC reactivity within 
each exposure group separately did not identify any stimuli conditions significantly 
different from 0 (exposed group CS – baseline condition p = 0.065, T = 2.029, n= 13, all 
other conditions p > 0.1). Moreover, subACC reactivity did not differ between childhood 
and adolescent stimuli in either the exposed or naïve group (exposed group (F (1, 11) = 
1.299, p = .279, n =13; naïve group (F(1, 13) = 0.313, p = 0.585, n = 15). That is, no 
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specific condition or exposure group’s reactivity contributed to the observed group 
difference in the subACC region beyond the relative differences between conditions.  
 




 A significant ACC region reactivity x post-stressor arousal report interaction 
demonstrated that supraACC and subACC reactivity differentially related to negative 
arousal following the childhood stimuli (F (1, 18) = 4.95, p = 0.039, n = 21), over and 
above any relation with negative arousal pre-stressor. Specifically, increasingly positive 
supraACC reactivity was significantly associated with decreased negative arousal post-
stressor (arousal b coefficient: -0.249, T = -2.352, p = 0.030; Figure 22B), consistent with 
the supraACC region facilitating the childhood stimuli’s regulatory effects. SubACC 
reactivity was not significantly associated with negative arousal ratings (arousal b 
coefficient: -0.088, T = -0.826, p = 0.420). Instead, a significant interaction between 
ACC region reactivity (CS – AS contrast) and post-stressor choice behavior (percent time 
spent with childhood stimuli relative to adolescent stimuli during the behavioral session) 
(F (1, 25) = 5.09, p = 0.033, n = 27) demonstrated that subACC, but not supraACC, 
reactivity was significantly positively related to the degree of participant’s preference for 
one stimulus category over the other (with increased reactivity during the preferred 
stimulus condition relative to the other condition) (degree of preference b coefficient for 
subACC region: 0.579, T = 2.91, p = 0.008; degree of preference b coefficient for 
supraACC region: 0.274, T = 1.73, p = 0.095; Figure 25B). 
 




 Generalized psychophysiological interaction (gPPI) analysis was performed with 
a supraACC seed region to identify how childhood stimuli relative to adolescent stimuli 
modulated supraACC connectivity with both a priori anatomically-defined regions and 
voxelwise functionally-defined regions to regulate negative arousal. SupraACC 
connectivity with anatomically-defined bilateral amygdala during childhood stimuli 
relative to adolescent stimuli (CS – AS contrast) was significantly positively related to 
reported negative arousal following childhood stimuli (b coefficient = 0.010, T = 2.81, p 
= 0.011, n = 23; Figure 23A) (over and above any relation with negative arousal pre-
stressor), such that more negative supraACC connectivity to childhood stimuli relative to 
adolescent stimuli was associated with lower negative arousal (increased regulation). 
Moreover, supraACC-amygdala connectivity (CS – AS contrast) significantly mediated 
the association between supraACC reactivity (CS – AS contrast) and reported negative 
arousal following childhood stimuli (indirect effect estimate: -0.505 (SE 0.32), CIL95 -
1.38 – CIU95 -0.011, n =20; Figure 23B). Specifically, greater negative connectivity to 
childhood stimuli relative to adolescent stimuli was associated with decreased negative 
arousal reports (increased regulation). SupraACC connectivity with anatomically defined 
ventral striatum during childhood stimuli relative to adolescent stimuli was not 
significantly related to self-report of negative arousal following post-stressor childhood 
stimuli (whether or not the model controlled for any relation with negative arousal pre-
stressor) (T = 0.110, p = 0.913, n = 21). SupraACC connectivity with anatomically 
defined primary auditory cortex during childhood stimuli relative to adolescent stimuli 
was not significantly related to self-report of negative arousal following post-stressor 
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childhood stimuli (whether or not the model controlled for any relation with negative 
arousal pre-stressor) (T = 0.556, p = 0.578, n = 21). 
 A whole-brain gPPI analysis identified regions that were differentially coupled 
with the supraACC region during childhood stimuli relative to adolescent stimuli in the 
childhood exposed group compared to the naïve group (exposed CS – AS – naïve CS – 
AS), controlling for participant differences in adolescent stimuli exposure. A significant 
group difference in supraACC connectivity was observed with a region centered in 
parahippocampal gyrus (and including posterior cingulate, center of mass: x = 2, y = -34, 
z = 7 (right parahippocampal gyrus), cluster extent = 82 voxels, voxelwise uncorrected p 
< 0.02, FWE alpha < 0.05, critical cluster size = 75 voxels; Figure 24A). Post-hoc tests 
identified that only in the childhood condition (relative to baseline), the exposed group 
had significantly positive supraACC-parahippocampal connectivity and the naïve group 
had significantly negative connectivity (mean exposed group CS-baseline connectivity = 
19.54, CIL95 0.614 – CIU95 38.47, T = 2.25, p = 0.044, n = 13; mean naive group CS-
baseline connectivity: -16.94, CIL95 -28.82 – CIU95 -5.05, T = -3.06, p = 0.009, n = 15; 
mean exposed and naïve groups’ AS-baseline connectivity = all p > 0.2). Neither 
exposure group had significantly different supraACC-parahippocampal connectivity 
during childhood relative to adolescent stimuli (all p >0.1). SupraACC-parahippocampal 
connectivity during childhood stimuli relative to adolescent stimuli was not significantly 
related to self-report of negative arousal following the post-stressor childhood stimuli 
(whether or not the model controlled for any relation with negative arousal pre-stressor) 
(b coefficient = -0.003, T = -1.07, p = 0.299, n = 22). However, independent of exposure 
group, increasingly positive connectivity during the adolescent stimuli (AS – baseline) 
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was significantly associated with greater reported positive associations with the 





SubACC connectivity with any of the a priori anatomical regions during 
childhood stimuli relative to adolescent stimuli (CS – AS contrast) was not significantly 
related to reported negative arousal following childhood stimuli, (whether or not the 
model controlled for any relation with negative arousal pre-stressor) (subACC-amygdala 
b coefficient = 0.007, T = 1.70, p = 0.105, n = 22; subACC-auditory cortex b coefficient 
= -0.004, T = -1.121, p = 0.276, n = 22; subACC-ventral striatum b coefficient = -0.005, 
T = -1.47, p = 0.158, n = 22; subACC-hippocampus b coefficient = 0.002, T = 0.463, p = 
0.648, n =22).  
 A whole-brain gPPI analysis (exposed group (CS – AS contrast) – naïve group 
(CS – AS contrast)) identified a significant group difference in subACC connectivity to 
childhood relative to adolescent stimuli with a region including the dorsal striatum(DS) 
and insula (center of mass: x = 30, y = -11, z = 13 (right hemisphere insula/claustrum), 
cluster extent = 80 voxels, voxelwise uncorrected p < 0.02, FWE alpha < 0.05, critical 
cluster size = 76 voxels) controlling for differences in adolescent stimuli exposure. Post-
hoc tests within each exposure group separately showed that subACC-DS/insula 
connectivity only significantly differed from 0 for the exposed group during the 
childhood stimuli (mean exposed group CS-baseline connectivity = -8.18, CIL95 -15.56 – 
CIU95 -0.808, T = -2.42, p = 0.032, n = 13; mean naïve group CS-baseline connectivity = 
7.09, CIL95 -0.230 – CIU95 14.417, T = 2.077, p = 0.057, n = 15; mean exposed and naïve 
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groups’ AS-baseline connectivity = all p > 0.2). The exposed group had significantly 
more negative connectivity during the childhood relative to the adolescent stimuli 
(exposed group: F (1, 11) = 18.748, p = 0.001, n = 13; naïve group: F(1, 13) = 0.200, p = 
0.662, n = 15). SubACC-DS/insula connectivity during childhood relative to adolescent 
stimuli was not significantly related to reported negative arousal following childhood 
stimuli, (whether or not the model controlled for any relation with negative arousal pre-
stressor) (b coefficient = -0.0001, T = -0.042, p = 0.967, n = 21). Instead, subACC-
DS/insula connectivity during childhood relative to adolescent stimuli was significantly 
related to post-stressor choice behavior (percent time spent with childhood stimuli 
relative to adolescent stimuli during the behavioral session) (subACC-DS/insula 





 Reactivity to childhood and adolescent stimuli were also extracted from bilateral 
anatomically defined a priori regions of interest consisting of the amygdala, 
hippocampus, ventral striatum, and auditory cortex, and analyzed offline. Participant 
differences in adolescent stimuli exposure were controlled for in all analyses. There was a 
significant group difference in hippocampal reactivity across childhood and adolescent 
conditions, such that the exposure group had higher hippocampal reactivity than the naïve 
group (naïve group mean estimate = -0.096 CI -.153 - -0.039, exposure group mean 
estimate = 0.024, CI -0.04 – 0.088, F (1, 24) = 7.706, p = 0.01, n = 27). There were no 
significant condition or condition x group hippocampal reactivity differences (condition: 
F (1, 24) = 0.135, p = 0.717, n = 27; group x condition: F (1, 24) = 0.033, p = 0.857, n = 
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27). Ventral striatum reactivity did not show any significant differences by condition 
(F(1, 24) = 0.016, p = 0.901, n = 27), group (F(1, 24) = 1.311, p = 0.264), or group x 
condition (F(1, 24) = 4.093, p = 0.054). Amygdala reactivity did not show any significant 
differences by condition (F (1, 25) = 0.508, p = 0.483, n = 28), group (F (1, 25) = 1.078, 
p = 0.309, n = 28), or groupxcondition (F(1, 25) = 0.074, p = 0.787, n = 28). Auditory 
cortex reactivity did not show any significant differences by condition, (F (1, 24) = 0.021, 
p = 0.887, n = 27), group (F(1, 24) = 2.163, p = 0.154, n = 27), or group x condition (F(1, 
24) = 0.269, p = 0.608, n = 27), suggesting the auditory cortex was registering the song 




An outstanding issue in our understanding of human brain function is how to 
identify the developmental sensitive periods that sculpt mature sensory cortex function in 
higher order association areas like the prefrontal cortex. Here we posit and test that 
childhood is a sensitive period for human medial prefrontal cortex mediated regulatory 
signal learning through behavioral, physiological, and neuroimaging approaches. We 
show through a within subject design that under conditions of stress, adults have a 
behavioral preference for stimuli learned in the childhood period relative to both the 
preschool and adolescent periods during a laboratory stressor. These childhood stimuli 
uniquely confer emotion regulation benefits at the behavioral level (relative to early 
childhood and adolescent periods) and physiological levels (relative to adolescent 
periods, early childhood not tested). Importantly, although the complex stimuli used 
evoke multiple neural responses, we isolated a supragenual ACC region of medial 
prefrontal cortex that specifically registers the childhood stimuli relative to adolescent 
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stimuli and selectively mediates the childhood stimuli’s regulatory benefit through 
functional connectivity with the amygdala. We also confirmed a previously-identified 
subgenual ACC region associated with hedonic valuation of the music. Control 
conditions with adults minimally exposed to the stimuli during childhood confirm that 
exposure within the childhood period is necessary for the medial prefrontal cortex-
mediated regulatory signal learning to occur. These results demonstrate that the medial 
prefrontal cortex is sensitive to learning environmental signals specifically during 
childhood that regulate adult prefrontal cortex function and affective behavior. 
 Taken together, the present study’s findings that childhood is a unique period for 
human medial prefrontal cortex regulatory signal learning fit the primary sensitive period 
criteria observed for lower-order sensory cortices. Specifically, sensitive periods in 
sensory cortices consist of specific temporal windows during which experience exerts 
especially great influence on the developing system (Takao K. Hensch, 2005; Morishita 
& Hensch, 2008). Similarly, in the present study, we found that the stimuli from 
childhood but not the surrounding developmental periods were uniquely effective in 
modulating affective brain activity and behavior. Notably, this result converges with prior 
neuroimaging findings that the mPFC is strongly modulated by highly emotional stimuli 
in childhood but not adolescence (Gabard-Durnam, Gee et al., 2016; Gee, Gabard-
Durnam et al., 2014; Telzer, Ichien, & Qu, 2015). Given the protracted developmental 
trajectory of the PFC, especially relative to the sensory cortices, it may be expected that 
the timing of the sensitive period scales up to this later developmental period (B.J. Casey 
et al., 2000; Lenroot & Giedd, 2006; Werker & Hensch, 2015). Secondly, the stimuli 
experienced during sensory cortex sensitive periods have enduring effects on mature 
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neural function and behavior (Hensch, 2005; Morishita & Hensch, 2008). Here, we found 
that the childhood stimuli uniquely modulated mature adult medial prefrontal cortex 
activity and emotion regulation behavior. Thus, these consistencies suggest that human 
childhood comprises a medial prefrontal cortex sensitive period.  
Moreover, the present findings recapitulate a juvenile medial prefrontal cortex 
sensitive period observed in the rodent. Our translation of the set of conditions and 
stimulus modality used to test the mouse medial prefrontal cortex sensitive period 
facilitates optimal comparison across species (Yang et al., 2012). In both mouse and 
human, only the childhood stimuli conferred emotion regulation benefits in adulthood, 
reducing negative affect and anxiety-like behavior, respectively, when presented under 
conditions of stress. Moreover, the medial prefrontal cortex was uniquely responsive to 
the childhood stimuli in both species. While unavailable in the human, direct observation 
and molecular manipulation of neuroplasticity within the developing and mature rodent 
across several studies provides further evidence that the observed medial prefrontal 
cortex-mediated regulation was due to a juvenile sensitive period of heightened plasticity 
(Yang et al., 2012; Ansorge, Zhou, Lira, Hen, & Gingrich, 2004; Leonardo & Hen, 2008; 
Pattwell et al., 2016). Conversely, the human findings provide further support for the 
medial prefrontal cortex sensitive period by leveraging the strength of human within-
subject design to show in the same individual that stimuli from childhood but not other 
developmental periods influenced the adult affect regulation phenotypes. Additionally, 
while the search for neural correlates of the regulation effect were limited in the rodent to 
several a priori regions of interest, our whole-brain analyses in the human confirmed the 
specificity of the regulation effect to medial prefrontal cortex functional circuitry and 
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suggests connectivity with the amygdala may be targeted for further exploration in the 
rodent. In these ways, the similarities between the mouse and human findings together 
suggest that the childhood/juvenile sensitive period for medial prefrontal cortex mediated 
regulatory learning is conserved across species. 
Several potentially confounding accounts and limitations of the present results 
must also be considered. One possible alternative interpretation is that the adults like the 
childhood stimuli more than the adolescent stimuli, either because of acoustic properties 
in the particular stimuli set used or because the stimuli could evoke a pleasant sense of 
nostalgia. However, if this was the case, we would expect the adults to prefer listening to 
the childhood stimuli in the pre-stressor baseline period as well, and we observed instead 
that they preferred the adolescent stimuli in the absence of the stressor. The adults also 
did not report explicitly liking one stimulus category more than the other (T(56) = -0.174, 
p = 0.863, n = 57). Additionally, if the acoustic properties of the childhood stimuli were 
universally more attractive than the adolescent song set, the immigrant control group and 
the USA-raised group with low exposure would also be expected to choose the childhood 
stimuli more under stress and this was not the case. Moreover, if the childhood stimuli 
evoked nostalgia, we would expect the earlier late preschool/early childhood stimuli 
supplementally tested to elicit nostalgia and so the same behavior, but we found that 
across samples, participants preferred only the set of post-preschool childhood stimuli. In 
the neuroimaging domain, nostalgia has been robustly associated with hippocampal, 
striatal, and subgenual medial prefrontal cortex activity (Matsunaga et al., 2013; Oba, 
Noriuchi, Atomi, Moriguchi, & Kikuchi, 2016; Trost, Ethofer, Zentner, & Vuilleumier, 
2012). While we observed effects of both childhood and adolescent stimuli within a 
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subACC network overlapping with the regions implicated in nostalgia, it was distinct 
from the supraACC medial prefrontal cortex network associated with affect regulation. 
Indeed, activity and connectivity within the subACC network was unrelated to affect 
regulation in the present study.  
A second potential explanation is that the adults favor the stimuli they know less 
well and/or distract themselves with more novel stimuli under conditions of stress. 
However, this account would predict that the two control groups of adults (immigrants 
and low-exposure USA-raised) would similarly favor the childhood stimuli that they are 
less familiar with during the stressful condition, and within the data, the two control 
groups did not prefer the childhood stimuli during the stressful condition.  
The final alternative account considered here is that the childhood stimuli are 
learned as regulatory signals to reduce stress because the adults’ childhood in general was 
a more regulated, safe environment for associating stimuli with safety/no fear than their 
adolescence. That is, this account predicts that the signals are regulatory not because 
childhood is a sensitive period but because there is a safe environment that happens to 
coincide with childhood (if adolescence were equally safe, the stimuli would presumably 
be learned as regulatory signals then, too). Notably, the adults in the study did not report 
associating the stimuli from childhood with significantly better times of life relative to 
the adolescent stimuli (T(58) = 1.434, p = 0.157, n = 59), yet the adolescent stimuli were 
not learned as signals to downregulate negative affect like the childhood stimuli. 
Furthermore, this account would predict that the late preschool/early childhood stimuli 
would serve as regulatory signals, as they were learned in presumably a similarly safe 
environment compared to childhood. Although the present findings cannot speak directly 
	
	 120	
to whether the preschool stimuli were regulatory or not, adults did not prefer the 
preschool stimuli relative to adolescent stimuli either before or in conditions of stress, 
suggesting the behavioral preference switch to regulate affect under stress is specific to 
the childhood period.  
The present study had several limitations that should be addressed in future 
research. The study relied on retrospective reporting of exposure to stimuli due to the 
difficulty and time cost of following participants through development from childhood to 
adulthood. However, the study’s stimulus genre of pop music is easily traceable with 
regard to when songs are heard by the public using the carefully maintained Billboard 
song charts, reducing the need for participant recall. We also observed a high degree of 
consensus across the two different retrospective measures used in the present study. 
Secondly, the study tested stimuli only in the auditory domain, consistent with the 
parallel study in the rodent. Thus, whether the observed sensitive period is specific to 
auditory stimuli or generalizes to other senses (e.g. olfactory stimuli) may be explored in 
future investigations. Notably, neither the auditory cortex activity, nor functional 
connectivity between the auditory cortex and medial prefrontal cortex differentiated the 
childhood stimuli from the adolescent stimuli, indicating the childhood-specific 
regulation effects were independent of auditory cortex involvement and may generalize 
across sensory modalities.   
Taken together, the present findings provide the first report of a sensitive period 
for higher order association cortex in the human. We show that the medial prefrontal 
cortex is uniquely sensitive to learning regulatory signals during childhood relative to 
other developmental periods with consequences for mature emotion regulation behavior. 
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These findings are consistent with the properties ascribed to sensory cortex sensitive 
periods generally, and specifically recapitulate a juvenile medial prefrontal cortex 
sensitive period in the rodent, suggesting the sensitive period is conserved across species. 
This knowledge presents the opportunity to explore the neuroplasticity properties of 
higher order cortex in the human and facilitates the development of optimized 
interventions for atypical function across the wide range of affective and cognitive 








Experiences that occur during developmental sensitive periods of heightened 
neural plasticity sculpt neural function with lifelong consequences for cognition and 
behavior. Although a growing literature across species has investigated sensitive period 
timing and mechanisms for primary sensory cortices, much remains unknown about the 
experience-driven development of higher-order association areas like the prefrontal 
cortex (PFC), especially in the human. Therefore, the aims of this dissertation were first, 
to examine when and how experience shapes the developing human medial PFC’s 
functional networks at the systems level and second, to assess the consequences of 
experience-dependent network development for affective behavior. To achieve the first 
aim, study 1 examined experience at the level of brain region co-activation in response to 
environmental stimuli, while study 2 assessed effects of a severe, negative environment 
(parental deprivation), and study 3 explored environmental effects during development 
persisting into adult function. To achieve the second aim, studies 2 and 3 related medial 
PFC network function to emotion regulation behavior, indexed by a questionnaire of 
difficulties in emotion regulation (study 2), and physiological and self-report measures of 
negative emotion down-regulation (study 3). Together, these studies have shown that 
post-natal experience before and during childhood, but not adolescence, shapes medial 
PFC functional network development, and that the experience-related network changes 
affect later emotion regulation behavior both during development and in young 
adulthood. The consistencies and discrepancies between the three studies in meeting the 




Pre- adolescent Experience alters the development of the medial PFC-amygdala 
functional network 
 
All three dissertation studies show that experience before adolescence can 
influence the development of the medial PFC’s functional networks. While study 2 
demonstrates that adverse experience in infancy and early childhood alters amygdala-
medial PFC functional connectivity measured across later development, studies 1 and 3 
show that repeated exposure to a stimulus (study 3) and the brain’s phasic response to 
that stimulus (study 1) across childhood until around age 11-12 years can shape medial 
PFC network construction and function. Although these results point to two different 
developmental periods during which experience shapes the medial PFC-amygdala 
network, this does not necessarily indicate inconsistency. Instead, it is important to note 
that sensitive periods for networks are comprised of sensitive periods for each network 
node as well as for the functional or structural connections between them. Thus, it is 
possible that the observed sensitive period spanning infancy through childhood is actually 
reflective of several underlying sensitive periods within the circuitry. Unfortunately, the 
correlational nature of the systems-level functional connectivity metric used throughout 
this dissertation precludes knowledge about which network node and what direction of 
connectivity (bottom-up or top-down) is affected by the experiences reported in each 
study. However, non-human animal research guides speculation that infancy and early 
childhood may be a period of heightened plasticity for amygdala function, while middle 
and later childhood may be the period when medial PFC plasticity is highest.  
Specifically, studies examining the effect of both lesions and stress on the 
amygdala across the lifespan suggest that amygdala function is most disrupted during 
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early post-natal development, consistent with an early sensitive period (R Adolphs et al., 
1994; Ralph Adolphs et al., 2002; Bauman et al., 2004; E Bliss-Moreau et al., 2013; Eliza 
Bliss-Moreau et al., 2011; Graham et al., 2015; Kazama et al., 2012; Prather et al., 2001; 
Raper et al., 2013; Shaw et al., 2004). Similarly, in humans the amygdala shows robust 
functional responsiveness to emotional stimuli by childhood (Dehaene-Lambertz et al., 
2010; Gee, Humphreys, et al., 2013; Hare et al., 2008a; Perlman & Pelphrey, 2011; 
Swartz et al., 2014; Thomas et al., 2001). In contrast, the medial PFC is late-maturing and 
has been shown to be sensitive to learning regulatory stimuli in the juvenile (childhood) 
period but not the infant or adolescent periods in the rodent (Kolb et al., 2012; E.-J. 
Yang, Lin, & Hensch, 2012). In the human, the medial prefrontal cortex also shows late 
maturation, and study 3 of this dissertation provides evidence supporting a childhood-
specific sensitive period for learning regulatory stimuli (B.J. Casey et al., 2000; Fuster, 
2001; Lenroot & Giedd, 2006). Although much less is known about the developmental 
trajectory of the connections between the medial PFC and the amygdala, the late juvenile 
period in the mouse has been shown to correspond to a surge in structural connectivity 
between the amygdala and medial PFC that then subsides across adolescence (Pattwell et 
al., 2016). Moreover, anxious behavior induced by a genetic knock-out may be rescued 
by re-expression during the juvenile period but not after, suggesting the plasticity of PFC-
subcortical circuitry underlying emotion regulation tapers off by adolescence in the 
rodent as this dissertation reports in the human (Leonardo & Hen, 2008, Ansorge et al., 
2004). In the human, we have previously observed sensitivity to environmental stimuli 
(the mother stimulus) in the amygdala-medial PFC functional network during childhood 
but not adolescence with consequences for anxiety reduction that is consistent with a pre-
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adolescent sensitive period for the circuitry as a whole (Gee, Gabard-Durnam et al., 
2015).  Future modeling of directional information at the systems level for the human 
medial PFC-amygdala functional network in development (e.g. dynamic causal modeling 
and granger causality analysis) is necessary to delineate the network components’ 
sensitive periods contributing to the circuitry’s overall sensitive period spanning infancy 
through childhood observed across the present dissertation studies. 
 
Stimulus-elicited connectivity shapes resting-state connectivity, which shapes behavior 
during development 
 
An outstanding fundamental question for understanding systems-level brain 
development is how do the different connectivity modalities relate to each other and to 
behavior during development? Using the PFC-amygdala functional circuit as an 
exemplar, this dissertation provides the first evidence that during development, phasic 
stimulus-elicited connectivity (indexed by psychophysiological interaction modeling, 
study 1) influences the nature of resting-state connectivity two years later, and that in 
turn, resting-state connectivity influences emotion regulation behavior profiles two years 
later (study 2). Although this sequence of associations was observed across different 
studies (studies 1 and 2), the sets of associations spatially overlapped within multiple 
PFC-amygdala circuits (an amygdala-perigenual ACC circuit and an amygdala-IFG 
circuit) and almost the entire sample showing the connectivity to connectivity association 
were present in the sample showing the resting-state to behavior association. Therefore, 
the association sequence is presumably observable within individuals as well as between 
study samples. Importantly, controlling for the concurrent associations between the 
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variables tested in each study (e.g. including resting-state connectivity at the first time-
point in the model with stimulus-elicited connectivity predicting resting-state 
connectivity two years later) meant that the prospective predictions measured 
independent influence on the future measure, not simply the artifact of baseline variable 
associations. Thus, this dissertation provides a causal path through which experience may 
sculpt behavior: through brief, repeated co-activations between a network’s regions that 
accumulate to influence the network’s intrinsic communication at rest (long-term phasic 
molding hypothesis), which constrains future behavior.  
Many potential associations between connectivity modalities and behavior remain 
to be tested, however. For example, whether stimulus-elicited connectivity can influence 
behavior years later in development through mechanisms independent of the resting-state 
signal is currently unclear. Similarly, while a cross-sectional association between resting-
state connectivity and structural connectivity has been observed to increase with age, the 
prospective associations between both stimulus-elicited and resting-state connectivity 
with structural connectivity measures remains to be elucidated (Hagmann et al., 2010; 
Uddin, Supekar, Ryali, & Menon, 2011). Additionally, resting-state network structure has 
recently been shown to have some degree of heritability (Z. Yang et al., 2016), so the 
interactions between the genetically-driven structure and experiential molding of the 
signal merit further investigation. As noted previously (study 1 discussion), the causal 
chain of influence from stimulus-elicited connectivity to resting-state connectivity to 
behavior may be specific to the developmental context (Deco and Corbetta, 2011; Fox et 
al., 2006, 2007; Mennes et al., 2013). Future longitudinal studies extending into 
adulthood could test for a switch in the causal association between connectivities, such 
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that stable, mature resting-state connectivity instead constrains expected future stimulus-
elicited connectivity (Engel, Fries, & Singer, 2001). 
Notably, the dynamics between connectivity modalities and behavior were 
observable on the slow scale of years across development and were consistently more 
robust than the concurrent associations measured. As the dissertation studies uniformly 
targeted two-year increments for measurement (and had relatively low variability around 
that target range), the range of timescales over which these associations exist remains to 
be determined. Several potential mechanisms may explain these observed changes across 
years. Consolidation during sleep has been proposed as a mechanism facilitating short-
term (scale from one day to weeks) experience-driven modifications to mature resting-
state connectivity (Albert et al., 2009; Lewis et al., 2009; Tambini et al., 2010; 
Harmelech et al., 2013; Mackey et al., 2013, Laureys e al., 2001), and sleep may play a 
similar role in development through repeated consolidations. Alternatively, the resting-
state signal itself may include parameters that facilitate gradual change. In the same way 
that Bayesian signals and Markov random fields accumulate evidence to strengthen 
parameters called priors, which represent probabilistic assumptions about future activity, 
parameters within the resting-state signal may facilitate gradual accumulation of evidence 
across development into a strong prior about the nature of communication within a 
network by maturity. 
 
Developmental plasticity informs understanding of the resting-state signal and the 
resting-state signal informs understanding of plasticity  
 
The use of resting-state connectivity either during periods of developmental 
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plasticity (studies 1 and 2) or to generate testable hypotheses about plasticity in 
development (study 3) across this dissertation demonstrates how examining the resting-
state signal in the context of plasticity informs our understanding of both metrics in a 
symbiotic way. The absence of task-related and behavior constraints on the measurement 
of the resting-state signal have presented challenges for interpreting the mature resting-
state signal in adults, overcome in part through studies with clinical populations, 
individuals with injury-induced plasticity, and individuals undergoing training and 
practice to test for experiential effects (Buckner & Vincent, 2007; Cole et al., 2010; 
Dosenbach et al., 2007; Kelly & Castellanos, 2014; Mackey et al., 2013; Miall & 
Robertson, 2006). Development provides a natural context of high plasticity and change 
that was leveraged in this dissertation to further understand how the resting-state signal is 
constructed and how it may guide behavior. In addition to the finding that prior 
experience molds the emerging resting-state signal during development (study 1), 
modulated levels of neuroplasticity indexed by BDNF genotype altered the resting-state 
connectivity signal (study 2), with lower levels of plasticity associated with more 
positively correlated signal in typical development. This finding is consistent with 
evidence from a developmental case study that unstable communication between regions 
(due to epilepsy) reduces the resting-state signal (Pizoli et al., 2011) and supports the 
interpretation that resting-state connectivity indexes stable communication between 
regions. 
Conversely, the nature of the resting-state signal also appears to convey 
information about the state of plasticity in a region or network to inform our 
understanding of developmental trajectories. Our prior observations that resting-state 
	
	 129	
medial PFC-amygdala connectivity was absent before adolescence but sensitive to prior 
experience (Gabard-Durnam et al., 2014; study 1) suggested that the period of childhood 
may be the sensitive period for medial PFC-related circuitry, as tested in study 3. Thus, 
the absence of resting-state signal between regions may signal plasticity at the systems 
level. Furthermore, a recent computational model and corroborating neural evidence in 
the rodent suggests that such an absence of resting-state activity is fundamental to the 
progression of sensitive periods. That is, Toyoizumi and colleagues observed reduced 
resting-state activity in the mouse visual cortex uniquely during the V1 region’s sensitive 
period, relative to either before and after this period (Toyoizumi et al., 2013). No such 
change was observed in activity elicited by stimuli, and they conclude that the 
suppression of the resting-state signal may be required for stimulus-elicited activity to 
most effectively shape the circuitry during the sensitive period (Toyoizumi et al., 2013). 
The consistency between the findings in the mouse visual cortex and the absence of 
resting-state connectivity we observed at the systems level in studies 1 and 2 raises the 
possibility that depressing the resting-state signal is a fundamental feature of 
neuroplasticity observable across regions and species. Thus, this dissertation’s findings 
show how studying the resting-state signal in relation to stimulus-elicited connectivity 
within the context of changing plasticity is a productive approach to achieve deeper 




This dissertation’s findings may be extended in several directions for future 
experiments. First, although the resting-state measure used throughout the dissertation 
was a static average of the correlation across time between two regions, there also exists 
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temporal variability in the correlation between network nodes that was ignored in the 
study analyses (Allen et al., 2014; Calhoun, Miller, Pearlson, & Adalı, 2014; S. M. Smith 
et al., 2012; Stephen M Smith, 2012). These dynamic correlations between regions have 
been shown to facilitate learning and PFC-mediated cognitive flexibility in the adult 
brain, so they presumably play a critical role in guiding the development of PFC 
functional networks as well (Bassett et al., 2011; U. Braun et al., 2015). Notably, the 
dynamic correlations within networks have been interpreted as an efficient mechanism 
for representing multiple possible configurations and for preparing the network to 
respond to an upcoming stimulus demand (Engel 2001; Calhoun et al., 2014). Whether 
network dynamics play the same constraining and preparatory role when the resting-state 
signal is being shaped by stimulus-elicited connectivity during development, and if not, 
how they reflect network plasticity during development are unanswered questions that 
merit further exploration. 
 Secondly, although the scope of the present dissertation focused largely on medial 
PFC-subcortical functional networks, future work should test the generalization of the 
mechanisms and findings presented to other networks. Specifically, is the absence of 
resting-state connectivity a plasticity phenotype across networks? Additionally, testing 
whether and how stimulus-elicited connectivity shapes the resting-state signal for other 
circuits would clarify whether the observed phenomena are global properties of brain 
development or not. These questions tested in cortical-cortical and primary sensory 
networks would complement the findings presented in this dissertation in the cortical-
subcortical network context and may reveal interesting differences in how neuroplasticity 
is manifest at the systems level across network type. In non-human animal models, 
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primary sensory cortices have shown the most dramatic changes in plasticity across 
development, so the set of resting-state findings observed for PFC network plasticity may 
be even more pronounced for human sensory cortex earlier in development (Werker and 
Hensch, 2005; Hensch, 2005). 
 Finally, the studies of this dissertation have examined the benefits of 
neuroplasticity in development, but excessive neuroplasticity also confers risks for 
network dysfunction and a range of psychopathology that should be explored further 
(Gervain et al., 2013; Heimler, Weisz, & Collignon, 2014; Kelly & Castellanos, 2014). 
For example, although absent PFC-amygdala resting-state connectivity during childhood 
was associated with normative experiential shaping of the circuitry (study 1 and 2), 
absent resting-state connectivity in late adolescence may indicate excessive plasticity or 
risk for maladaptive outcomes. That is, the resting-state plasticity metric may indicate 
either beneficial or detrimental outcomes depending on the developmental timing of 
assessment. Similarly, although increased plasticity as indexed by BDNF genotype was 
associated with adaptive response to early adverse experience in study 2, it is unclear if 
there are long-term costs to this adaptation that may manifest in adulthood. Moreover, in 
the typically developing youth in study 2, the youth with less BDNF-related plasticity 
showed earlier emergence of the stable, mature connectivity phenotype relative to the 
youth with higher plasticity, but the long-term benefits or costs associated with this 
different trajectory of plasticity have yet to be characterized. Similarly, study 3 
demonstrated that during a childhood sensitive period, PFC regulatory signals can be 
learned and benefit adult emotion regulation behavior. However, excessive network 
neuroplasticity, especially with regard to PFC networks, has been implicated in 
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developmental disorders like schizophrenia, illustrating the need to suppress the plasticity 
that is so beneficial earlier in life for healthy mature function (Budel et al., 2008; Werker 
& Hensch, 2015). Further exploration of both conditions with developmentally 
inappropriate plasticity levels as well as the normative physical and molecular 
mechanisms that downregulate plasticity provide means to guide the development of 







The overarching goal of the three dissertation studies was to assess the timing and 
mechanisms through which experience shapes the construction of the human prefrontal 
cortex-amygdala functional circuitry and subsequent emotion regulation behavior across 
development. Our findings at the levels of brain circuitry, behavior, physiology, and 
genetics together delineate a period of increased sensitivity to the environment within 
PFC-amygdala functional circuitry from infancy through childhood, modifiable by 
genetically-conferred variation in plasticity and the nature of the early environment. 
Experiences occurring during this sensitive period have consequences for future emotion 
regulation behavior both during development and lasting into young adulthood. In these 
ways, the experiences we have in childhood are embedded in the brain with enduring 













Table 1: Demographic Information and Participant Characteristics 
 
   
     cross-sectional sample prospective subsample 
N 53 23 
age (mean (SD)) years 13.4 (4.9) 11.3 (3.8) 
sex  27 M 11 M 
handedness 50 R 22 R 
IQ (mean (SD)) 114.5 (18.0) 117 (19.8) 
CBCL internalizing (mean(SD)) 5.1 (5.2) 4.3 (3.6) 
CBCL externalizing (mean (SD)) 5.1 (4.6) 5.1 (5.1) 
Income level (median(range)) 
85,000-100,000  
(< 10,000 to over 200,000) 
85,000-100,000 
(< 10,000 to over 200,000) 
Ethnicity: 
  African American 32% 39% 
Asian American 25% 22% 
American Indian 6% 9% 
European American 55% 57% 
Other 11% 13% 
Hispanic 15% 17% 















N  24 20 16 33 
     Age, years, mean (SD) 12.44 (3.31) 12.60 (3.05) 12.85 (2.97) 12.35 (3.71) 
     Sex 7 male 6 male 5 male 15 male 
     Handedness 22 right 18 right 12 right 26 right 
     IQ, mean (SD)  107 (13.2) 104 (15.6) 126 (14.7) 109 (14.4) 
     CBCL internalizing, mean (SD)  13.8 (11.9) 9.9 (9.6) 4.0 (3.6) 4.5 (4.7) 
     CBCL externalizing, mean (SD)  11.9 (8.8) 13.1 (13.1) 4.4 (3.5) 5.1 (6.7) 
     Income level, median (range)  100,001 - $150,000 
(10,000 to 200,000) 
100,001 - 150,000  
(25,000 to 200,000) 
70,001 - 85,000 
(40,000 to 200,000) 
70,001 - 85,000  
(10,000 to 200,000) 
     Ethnicity 
    
     African-American  0% 5% 19%        40% 
     Asian-American 67% 20% 50%          0% 
     American Indian  0% 9% 0%          6% 
     European-American  17% 50% 69%         52% 
     Other  25% 25% 0%         21% 
     Hispanic  0% 15% 0%         21% 
 
 
legend: SD = standard deviation, CBCL = Child Behavior CheckList, PI = previously institutionalized 
youth  










N  44 
 
   Age, years, mean (SD) 12.52 (3.20) 
 
   Sex 13 male 
 
   Age of entry into orphanage care, years, mean (SD) .12 (.28) 
 
   Age at adoption, years, mean (SD) 1.77 (1.77) 
 
   Duration in orphanage care, years, mean (SD) 1.5 (1.76) 
 
   Income level, median (range)  100,001 - $150,000 (10,000 to 200,000) 
 
   Ethnicity 
  
 
African-American  2% 
   
 
Asian-American 46% 
   
 
American Indian  0% 
   
 
European-American  32% 
   
 
Other  25% 
   
 
Hispanic  7% 
 
 







Amygdala-medial prefrontal cortex connection: connectivity associations 
Inset: bilateral anatomical amygdala seed region used to generate all connectivity for the 
study (Talairach Atlas) A: Area of medial prefrontal cortex (mPFC) overlap (Brodmann 
area 24) in age-related changes in stimulus-elicited (fear condition) and resting-state 
amygdala connectivity (p < 0.05, whole brain corrected) used to define amygdala-mPFC 
circuit. B: Concurrent association between residualized parameter estimates (beta 
weights) for stimulus-elicited (fear condition) and resting-state functional connectivities, 
controlling for age and motion covariates. C: Prospective association between 
residualized parameter estimates for stimulus-elicited (fear condition) connectivity 
measured at the first scan and resting-state functional connectivity measured at the 
second scan two years later, controlling for the exact time difference between scans, age, 







Amygdala-mPFC stimulus-elicited connectivity during childhood but not 
adolescence shapes future resting-state connectivity 
A: Post-hoc simple slopes evaluated at the mean age (11 years) +/- 1 standard deviation 
in age for the prospective association between parameter estimates for stimulus-elicited 
(fear condition) connectivity measured at the first scan and resting-state functional 
connectivity measured at the second scan two years later. For each one unit increase in 
inverse (negative) stimulus-elicited connectivity (i.e., becoming increasingly negative) at 
age 7.5, 11.4, or 15.2 years, the expected increase in resting-state connectivity two years 







Amygdala-inferior frontal gyrus connection: connectivity associations 
A: Area of inferior frontal gyrus (IFG) overlap (Brodmann Areas 46, 10) in age-related 
changes in stimulus-elicited (happy condition) and resting-state amygdala connectivity (p 
< 0.05, whole brain corrected) used to define amygdala-IFG circuit. B: Concurrent 
association between residualized parameter estimates (beta weights) for stimulus-elicited 
(happy condition) and resting-state functional connectivities, controlling for age and 
motion covariates. C: Prospective association between residualized parameter estimates 
for stimulus-elicited (happy condition) connectivity measured at the first scan and 
resting-state functional connectivity measured at the second scan two years later, 
controlling for the exact time difference between scans, age, and resting-state 






Concurrent and prospective connectivity associations within and between 
connectivity type 
Graphic summarizing the complete set of concurrent and prospective associations 
(Pearson’s r (partial)) between stimulus-elicited and resting-state connectivities and 
prospective associations (Pearson’s r (partial)) within each connectivity type across 
childhood and adolescence. Dashed lines indicate non-significant (ns) associations, thin 
solid lines indicate significant associations at the trend level (p < 0.1), and bolded solid 
lines indicate significant associations at the level of p < 0.05. Associations pertaining to 
the amygdala-medial prefrontal cortex (mPFC) connection elicited in the fear-face 
condition are indicated by the subscript “mPFC”, and associations pertaining to the 
amygdala-inferior frontal gyrus (IFG) connection elicited in the happy-face condition are 






Positive Control: amygdala-medial frontral gyrus: Converging Connectivity 
Patterns with no age-related changes 
A: Area of medial frontal gyrus (mFG) overlap (Brodmann Areas 9, 10, 32) in significant 
stimulus-elicited (fear condition) and resting-state amygdala connectivity with no age-
related changes (p < 0.05, whole brain corrected) used to define amygdala-mFG circuit. 
B: Concurrent association between residualized parameter estimates (beta weights) for 
stimulus-elicited (fear condition) and resting-state functional connectivities, controlling 











Negative Controls: Non-convergence of age-related changes in connectivity patterns 
A: Area of right hemisphere superior temporal gyrus (STG; Brodmann Areas 41, 22) 
showing age-related changes in resting-state connectivity but no significant (or age-
related changes in) stimulus-elicited connectivity in either fear or happy condition used to 
define amygdala-STG circuit. B: Non-significant concurrent associations between 
residualized parameter estimates (beta weights) for stimulus-elicited (fear condition, top 
row; happy condition, bottom row) and resting-state functional connectivities for the 
amygdala-STG circuit, controlling for age and motion covariates. C: Non-significant 
prospective associations between residualized parameter estimates (beta weights) for 
stimulus-elicited connectivity at the first scan (fear condition, top row; happy condition, 
bottom row) and resting-state functional connectivity two years later for the STG-
amygdala circuit, controlling for the exact time difference between scans, age, and 
resting-state connectivity estimates at the first scan. D: Area of bilateral parahippocampal 
gyrus (PH; Brodmann Area 36) showing age-related changes in resting-state connectivity 
but no significant (or age-related changes in) stimulus-elicited connectivity in either fear 
or happy condition used to define amygdala-PH circuit. E: Non-significant concurrent 
associations between residualized parameter estimates (beta weights) for stimulus-elicited 
(fear condition, top row; happy condition, bottom row) and resting-state functional 
connectivities for the amygdala-PH circuit, controlling for age and motion covariates. F: 
Non-significant prospective associations between residualized parameter estimates (beta 
weights) for stimulus-elicited connectivity at the first scan (fear condition, top row; 
happy condition, bottom row) and resting-state functional connectivity two years later for 
the amygdala-PH circuit, controlling for the exact time difference between scans, age, 







Distribution of timing and duration of institutionalization in the PI youth 
Uncorrected variables in top panel, measured in months. Given the non-normal 
distribution of the uncorrected variables, both duration and age at entry variables were 






Distribution of participants for each study grouping variable Deprivation group split 
into comparison youth (comp) and previously institutionalized youth (PI). BDNF 
polymorphism broken into those with the Val/Val genotype and those carrying one or 
two Met alleles (Met carrier). Neither the Val/Val group nor the Met carrier group 
significantly differed in the distribution of comp relative to PI youth (Met-carriers: 






Bilateral amygdala seed for resting-state connectivity analysis Bilateral, stereotaxic, 






Main effect of deprivation status on amygdala resting-state connectivity 
Inset: bilateral amygdala seed region A: perigenual anterior cingulate cortex region 
(orange) and insula region (yellow) with differential resting-state connectivity with the 
amygdala depending on previous history of parental deprivation, alpha < 0.05, corrected. 
B: post-hoc comparison between comparison group (never institutionalized) and 
previously institutionalized youth (PI) amygdala-peri anterior cingulate cortex (ACC) 
connectivity. Connectivity estimates residualized for sex, motion, and age as in the 
voxelwise ANCOVA model that defined this connection. Error given as 95% confidence 
interval estimates. * indicates connectivity significantly different from 0 at p < 0.05 level. 
C: Prospective association between amygdala-periACC connectivity residuals at baseline 
and Child Behavior Checklist total internalizing T score residuals measured two years 
later, over and above the concurrent association between connectivity and internalizing 







Main effect of BDNF polymorphism on amygdala resting-state connectivity 
Inset: bilateral amygdala seed region A: ventral anterior cingulate cortex region (red) and 
precentral gyrus/insula region (orange) with differential resting-state connectivity with 
the amygdala depending on BDNF val66met polymorphism, alpha < 0.05, corrected. B: 
post-hoc comparison between BDNF val/val genotype group and BDNF met carrier 
(Met/*) amygdala-ventral prefrontal cortex connectivity. Connectivity estimates 
residualized for sex, motion, and age as in the voxelwise ANCOVA model that defined 
this connection. Error given as 95% confidence interval estimates. * *indicates 
connectivity significantly different from 0 at p < 0.01 level. C: Prospective association 
between amygdala-ventral prefrontal cortex connectivity residuals at baseline and Child 
Behavior Checklist total internalizing T score residuals measured two years later, over 
and above the concurrent association between connectivity and internalizing scores 







Interaction effect of BDNF polymorphism and history of deprivation status on 
amygdala resting-state connectivity 
Inset: bilateral amygdala seed region A: ventral prefrontal cortex region (orange) and 
precuneus (yellow) with differential resting-state connectivity with the amygdala 
depending on BDNF val66met polymorphism and deprivation group status, alpha < 0.05, 
corrected. B: post-hoc simple slopes tests of amygdala connectivity with the ventral 
prefrontal cortex across BDNF genotype (Met carriers in blue color, Val/Val youth in 
white color) and group combinations. Connectivity estimates residualized for sex, 
motion, and age as in the voxelwise ANCOVA model that defined this connection. Error 
given as 95% confidence interval estimates. * indicates connectivity significantly 
different from 0 at p < 0.05 level. * * * indicates connectivity significantly different from 
0 at p < 0.001 level. C: Prospective association between amygdala-ventral prefrontal 
cortex connectivity residuals at baseline and Child Behavior Checklist total internalizing 
T score residuals measured two years later, over and above the concurrent association 






Effects of developmental timing and duration of institutionalization on amygdala-
prefrontal cortex functional connectivity Associations between developmental timing 
(transformed age at entry into institution) and functional connectivity residuals (red color 
scatters) in top panels and associations between dose of deprivation (duration of 
institutional care) and functional connectivity (blue color scatters) for A) amygdala-
ventral prefrontal cortex connectivity identified as having a deprivation group by BDNF 
genotype interaction effect, and B) amygdala-perigenual anterior cingulate cortex 
connectivity identified as having a main effect of deprivation group. All age-at-entry 
scatters have duration of deprivation regressed out of the model and all duration of 
deprivation scatters have age-at-entry regressed out of the model to isolate the 






Bootstrapped mediation model Mediated effect of the developmental timing of 
institutionalization on future internalizing behavior through effects on amygdala-ventral 
prefrontal cortex connectivity years prior. Significant indirect effect given by the a*b 







Self-report of exposure to study stimuli across exposure groups Self report scale (y 
axis) ranges from 1 = never heard it before to 7 = I can sing every word. Self report for 
the childhood stimuli and adolescent stimuli exposure levels in both the exposed group 
(grey bars), young adults born and raised in the USA with pop music experience in 
childhood, and in the naïve group (white bars), a group of immigrants with minimal 
exposure to the stimuli in childhood. * * * indicates significant difference between 






Behavioral session paradigm schematic   A. Sequence of events in the behavioral 
session stressor task. Paradigm in total lasted approximately 30 minutes. Math rounds 
constituted the stressor, which was always followed by a music preference assessment 
period. After the completion of the stressor-music assessment sequence, participants were 
given a surprise memory test with 30 song stimuli. B. Example radio station icon used in 







Functional magnetic resonance imaging (fMRI) session paradigm schematic 
Sequence of events in the fMRI session stressor task. Paradigm in total lasted 
approximately 16 minutes. Mental math rounds constituted the stressor, which was 
always followed by a music stimulus. Order of stimulus period presentation (childhood 
stimuli or adolescent stimuli presented first) was counterbalanced within the two 








Adult behavioral preference for childhood stimuli as a function of stress Percent of 
time spent listening to childhood stimuli (relative to adolescent stimuli) during the music 
assessment (y axis; post-stressor score is averaged across the three assessments) during 
the behavioral paradigm. The grey dotted line indicates no preference for childhood or 
adolescent stimuli (50%/50% split time). A. Behavioral preference in the primary sample 
as a function of stress for the high-exposed USA subgroup (CS high), low-exposed USA 
subgroup (CS low), and immigrant control (Imm CT) group. B. Secondary sample post-
stressor behavioral preference level for the early childhood stimuli (ages 4-6) relative to 
the adolescent stimuli, and the childhood stimuli used in the primary sample (ages 8-10) 
relative to adolescent stimuli for comparison with the post-stressor endpoints in A. Note 
that the CS low and CS high groups are combined in B due to small sample size. All error 
bars represent 95% confidence intervals around the mean. * indicates a significant 
difference at the level of p < 0.05. ** indicates a significant difference at the level of p < 







Exposed adults show an emotion regulation benefit from childhood stimuli 
Increase in self-reported feelings of calmness after the music assessment (averaged across 
assessments) relative to directly after the math stressor (averaged across math stressors). 
A. Levels of regulation (increase in calmness) differ between the immigrant control (imm 
CT) group naïve to the childhood stimuli and the childhood stimuli (CS) exposed group. 
The error bars represent standard error. * indicates a significant difference at the level of 
p < 0.05. B. The emotion regulation benefit for the CS exposed group in A. is related to 







Behavioral preference for childhood stimuli post-stressor mediates the regulation 
difference observed across exposure levels Bootstrapped mediation models (10, 000 
bootstraps) testing the indirect effect of behavioral preference for childhood stimuli 
during the music assessment on the observed difference in regulation benefit observed 
across individuals with different levels of childhood stimuli exposure. A. The exposure 
group difference (all exposed participants versus naïve immigrant control) in emotion 
regulation benefit is mediated by the percent of time spent with the childhood stimuli. B. 
The same mediation model tested with continuous degree of exposure within the exposed 
group only. Indirect effect given by the a*b path and signifance determined by the 95% 








Childhood but not adolescent stimuli exposure modulates physiological regulation 
Galvanic Skin Conductance (GSC) slope (change in arousal) during the childhood songs 
(CS) and adolescent songs (AS) for participants within the exposed group. A. Change in 
physiological response as a function of different levels of exposure to childhood and 
adolescent stimuli. Grey shaded area indicates the GSC slope values that are regulatory 
(arousal decreasing). All error bars are given as 95% confidence intervals around the 
mean estimate. * indicates a significant difference at the level of p < 0.05. B. Association 
between GSC slope (physiological regulation of arousal) during the childhood stimuli 






Adult medial prefrontal cortex registers childhood exposure to stimuli 
A. Supragenual anterior cingulate cortex region registering childhood stimuli relative to 
adolescent stimuli differently in the exposed group (exposed) and the naïve immigrant 
control group (naïve). Parameter estimates residualized for individual differences in 
exposure to adolescent stimuli (covariate in voxel-wise ANCOVA model to define the 
region). P < 0.005, alpha < 0.01, corrected. Error bars are 95% confidence intervals 
around the mean residual estimate for childhood stimuli (CS) and adolescent stimuli (AS) 
relative to implicit baseline. ** indicates significantly different reactivity between 
conditions and groups at the p < 0.01 level of significance. B. Association across all 
participants between the medial prefrontal cortex (MPFC) reactivity to childhood stimuli 
relative to implicit baseline (x-axis) and self-report of negative arousal after listening to 






Supra-anterior cingulate cortex (supra-ACC) connectivity with the amygdala 
mediates the emotion regulation benefit of childhood stimuli 
A. Functional connectivity between the supra-ACC medial prefrontal cortex (mPFC) and 
bilateral anatomically-defined amygdala during childhood stimuli relative to adolescent 
stimuli (x axis) is associated with reduced negative arousal reported after listening to the 
childhood stimuli (y axis). Red arrows indicate the supra-ACC region was the 
connectivity seed. B. Bootstrapped mediation model showing functional connectivity 
between the supra-ACC mPFC region and the bilateral amygdala mediates the 
association between mPFC reactivity and the decrease in negative arousal following the 
childhood stimuli. Indirect effect given by the a*b path and significance determined by 







Supra-anterior cingulate cortex (supra-ACC) functional connectivity with the 
parahippocampus and posterior cingulate cortex and context associations 
A. Functional connectivity residual estimates during childhood stimuli (CS) relative to 
baseline and connectivity during adolescent stimuli (AS) relative to baseline as a function 
of being in the childhood exposed group (exposed) or naïve immigrant control group 
(naïve). All standard errors are given as 95% confidence intervals around the mean 
estimate. Red arrows indicate the supra-ACC region was the connectivity seed. * 
indicates a significant difference at the level of p < 0.05. B. Association between supra-
ACC medial prefrontal cortex (mPFC) connectivity with the parahippocampus (PH) and 
posterior cingulate (PCC) during adolescent stimuli relative to baseline (x axis) and the 
valence of the reported context associated with the adolescent stimuli across all 








Subgenual anterior cingulate cortex (sub-ACC) differentiates relative preference 
and choice behavior  
A. Sub-ACC region registering childhood stimuli relative to adolescent stimuli 
differently in the exposed group (exposed) and the naïve immigrant control group 
(naïve). Parameter estimates residualized for individual differences in exposure to 
adolescent stimuli (covariate in voxel-wise ANCOVA model to define the region). P < 
0.005, alpha < 0.01, corrected. Error bars are 95% confidence intervals around the mean 
residual estimate for childhood stimuli (CS) and adolescent stimuli (AS) relative to 
implicit baseline. * indicates significantly different reactivity between conditions and 
groups at the p < 0.05 level of significance. B. Association between choice behavior from 
the behavioral paradigm (x axis) and reactivity of the sub-ACC region to childhood 
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